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CHAPTER  1 


INTRODUCTION 


This  report  describes  the  effort  by  Kaman  Sciences  Corpora- 
tion (KSC)  toward  development  of  an  earth  lisplacement  sensor 
(EDS)  for  direct  measurement  of  the  particle  velocity  and  dis- 
placement in  an  underground  test  (UGT)  environment.  The  wor)^  has 
been  sponsored  by  the  Defense  Nuclear  Agency  (DNA)  under  Contract 
No.  DNA001-75-C-0277. 

1 . 1 BACKGROUND 

Direct  measurement  of  the  earth  particle  displacement  asso- 
ciated with  the  UGT  environment  has  long  been  a subject  of  in- 
terest to  the  experimenter  concerned  witn  ground  motion  studies. 
Many  devices  and  schemes  have  been  investigated  in  the  past  years 
in  search  for  a satisfactory  solution  to  this  measurement  pro- 
blem. All  of  these  have  had  serious  drawbacks  and  most  have 
fallen  into  disuse. 

The  most  prevalent  methods  of  determining  earth  displacement 
are  the  numerical  double  integration  of  an  accelerometer  or 
single  integration  of  a velocity  gage  output.  These  methods  have 
drawbacks  as  the  effects  of  noise,  zero  shifts,  and  frequency 
response  often  contribute  to  largo  errors,  especially  at  late 
times.  There  is  great  appeal  for  a sense-  such  as  the  EDS  with 
possibility  for  a direct  and  independent  temporal  measure  of  both 
velocity  and  displacement. 

The  Time-Resolving  and  Integrating  Momentum  (TRIM)  gage 
manufactured  by  KSC  has  proven  to  be  highly  successful  for  mea- 
suring impulse  and  momentum  in  specimens  exposed  to  the  UGT 
environment.  Reference  1 is  a report  describing  the  TRIM  gage. 
Modification  of  the  TRIM  design  for  application  to  ground  dis- 
placement and  velocity  measurement  appeared  to  be  a straightforward 
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problem  in  design  engineering  with  no  major  obstacles  to  over- 
come.  This  report  shows  that  such  was  not  the  case.  Several 
rather  difficult  engineering  problems  await  solutions  before  the 
EDS  will  be  a fieldworthy  displacement  transducer. 

1 . 2 PROJECT  OBJECTIVES 

The  EDS  development  project  included:  (1)  Canister  Design 
and  Survival  Analysis,  (2)  Sensor  Design  and  Response  Analysis, 

(3)  Prototype  Fabrication,  (4)  Response  Tests  and  Analysis,  (5) 
Field  Test  Unit  Fabrication,  (6)  Husky  Pup  Field  Support  and  (7) 
Posttest  Analysis  and  Evaluation.  The  project  objectives  were 
the  analysis,  design,  fabrication,  qualification,  and  proof  tests 
of  an  instrument  suitable  for  measurement  of  the  earth  displace- 
ments associated  with  earth  stress  in  the  range  from  0.2  kbar  up 
to  1 or  2 kbar. 

Viscous  damping  was  considered  as  a method  for  reducing  the 
length  required  for  close-in  measurements.  Step  one  of  the  EDS 
project  was  the  development  of  an  undamped  instrument.  Efforts 
toward  a damped  model  were  curtailed  early  in  the  project  with 
only  a cursory  investigation  into  the  feasibility  of  such  a de- 
sign. Considerations  of  a damped  EDS  are  presented  in  Appendix 
A. 
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CHAPTER  2 


PROJECT  SUMMARY 

This  chapter  presents  a very  brief  condensation  of  KSC's 
efforts  to  develop  an  EDS. 

The  EDS  concept  is  derived  from  an  extension  of  the  prin- 
ciples of  the  highly  successful  TRIM  gage  manufactured  by  KSC. 
During  early  planning  and  proposal  stages  of  the  project,  it  was 
anticipated  that  the  sensing  element  would  be  a rather  straight- 
forward modification  of  the  TRIM  with  the  protective  canister  as 
the  major  design  problem.  Hindsight  has  shown  the  inverse  to  be 
true . 

Drop  tests  at  the  shock  test  facility  at  Sandia  Laboratories 
showed  the  EDS  transient  response  to  be  inadequate  due  to  exces- 
sive frictional  effects.  While  these  data  were  still  being 
analyzed,  field  test  results  from  Husky  Pup  event  came  in  with  no 
useful  data  from  either  of  the  two  channels  fielded. 

Salient  points  from  development,  fielding  and  test  results 
are  given  in  the  chapters  to  follow,  along  with  conclusions  and 
recommendations . 

2.1  DESIGN 

Major  problems  and  decisions  associated  with  design  of  the 
EDS  are  broadly  classed  in  one  of  four  categories:  Sensor, 
Canister,  Response  Analysis,  and  Cable  Transition.  Skipping  in- 
termediate details,  the  final  design  will  be  described.  Figure 

2.1  is  a photograph  of  the  EDS  ready  for  field  installation. 

2.1.1  Sensor . The  EDS  is  a self-generating  transducer 
whose  output  is  generated  by  an  inertial  magnet  passing  through  a 
series  of  discrete  coils  under  the  influence  of  axial  ground  mo- 
tion. Much  of  the  EDS  design  was  directly  abstracted  from  the 
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TRIM  gage  to  capitalize  on  past  experience  and  existing  techno- 
logy. 

Increasing  the  length  by  a factor  of  four  presented  an  un- 
expected major  obstacle  in  fabrication  of  the  coil  tube  from 
polycarbonate  within  the  dimensional  tolerances  required.  The 
final  design  used  tubes  that  were  fabricated  from  precision  honed 
and  highly  polished  aluminum.  The  EDS  was  built  and  tested  with 
a displacement  range  of  91  cm. 

The  radial  field  magnet  rides  on  two  bearings  of  nylon 
loaded  with  MoS2*  Laboratory  experiments  in  selecting  this 
system  indicated  the  coefficient  of  friction  would  be  easily  less 
than  0.1,  approaching  0.05  under  ideal  conditions.  The  final  de- 
sign resulted  in  measured  values  approximately  twice  the  expected 
value. 

2.1.2  Canister . The  canister  serves  a dual  role  in  the 
measurement  of  earth  displacement.  First,  it  protects  the  sens- 
ing mechanism  from  distortion  and  physical  damage  by  the  en- 
vironment and  second,  provides  a means  of  coupling  the  sensor  to 
the  media.  The  canister  is  essentially  a piece  of  heat  treated 
steel  pipe  with  seven  external  welded  rings  that  served  to  en- 
hance coupling  to  the  surrounding  grout. 

The  predicted  failure  mode  was  excessive  buckling  deforma- 
tion above  1.4  kbar  static  pressure  level.  Deformation  repre- 
sents a major  constraint  if  the  canister  is  rigidly  coupled  to 
the  coil  form  tube.  A satisfactory  solution  was  reached  by 
decoupling  the  outer  canister  shell  from  the  active  sensing 
elements.  A liner  of  silicone  rubber  serves  to  isolate  the  coil 
form  from  effects  of  external  case  distortion  and  also  to  sup- 
press shock  induced  vibrations  of  the  coil  tube. 

2.1.3  Response  Analysis.  Parametric  studies  of  EDS  re- 
sponse were-carried  out  to  better  understand  the  frictional 
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effects  on  qage  error.  Sensitivity  to  off-axis  acceleration  was 
also  studied.  These  studies  showed  the  error  to  be  acceptably 
low  if  the  coefficient  of  friction  could  be  kept  well  below  0.1. 

A mathematical  model  of  the  EDS  was  developed  for  use  in 
computer  aided  analysis  and  predictions.  With  known  frictional 
values  and  the  acceleration  environment  the  indicated  displace- 
ment can  be  corrected  to  improve  the  accuracy  of  the  measurement. 

2.1.4  Cable  Transition.  The  interface  between  canister  and 
cable  is  recognized  as  a particularly  vulnerable  area  for  failure 
of  the  cable  in  shear.  To  relieve  this  problem,  a graded  strength 
transition  between  the  two  elements  was  designed.  An  aluminum 
end  piece  approximately  10  cm  long  was  attached  to  the  canister 
with  a threaded  section.  This  piece  was  tapered  in  a somewhat 
concave  fashion  to  a feather  edge  at  the  extreme  end  to  meet  a 75 
cm  section  of  aluminum  tubing  formed  in  a spiral.  This  allowed 
for  axial  motion  of  the  cable  relative  to  the  canister.  The 
cable  was  inside  of  the  aluminum  tubing. 

The  details  of  this  design  are  believed  to  be  sound  and 
worthy  of  consideration  for  application  to  similar  situations 
where  cable  survival  is  a problem. 

2 . 2 LABORATORY  TESTS 

2.2.1  Calibration.  The  EDS  was  calibrated  using  a recipro- 
cating connecting  rod  drive  on  the  inertial  mass.  By  moving  the 
magnet  past  the  coils  at  a known  velocity,  the  sensitivity  was 
measured  to  be  a nominal  4.8  mv/cm/sec. 

The  slug  was  also  allowed  to  drop  through  the  coils  in  a 
free  fall  under  the  influence  of  gravity.  The  coefficient  of 
friction  indicated  by  this  experiment  was  0.16. 

2.2.2  Drop  Tests . The  EDS  was  tested  on  a vertical  drop 
test  machine  (DT-1)  in  the  Shock  Testing  Facility  at  Sandia 
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Laboratories.  Test  objectives  were  twofold;  (1)  proof  test  at 
125  percent  of  maximum  predicted  shock  levels  and,  (2)  charac- 
terize the  gage  response  and  sensitivity  to  cross-axis  accelera- 
tion. The  tests  represented  a reasonable  compromise  with  con- 
sideration for  availability  of  equipment  for  simulation  of  the 
desired  environments.  An  exact  simulation  of  the  environment  the 
EDS  is  designed  to  measure  is  not  the  best  test  for  characteriza- 
tion of  the  gage  transfer  function.  Another  important  constraint 
was  a very  limited  budget  of  both  money  and  time. 

The  EDS  drop  test  matrix  included  shock  levels  of  300  and 
100  g peak  (10  ms  half-sine)  at  angles  of  0,  27  and  45  degrees. 
Results  of  these  tests  were  disappointing,  indicating  a much 
larger  error  than  was  expected  or  acceptable  for  a useful  in- 
strument. The  large  error  associated  with  the  zero  degree  test 
led  to  the  conclusion  that  the  inertial  slug  was  probably  moving 
through  the  tube  with  a "rattling"  motion. 

Analysis  of  these  laboratory  test  data  showed  the  EDS  was 
not  yet  refined  to  a fieldworthy  state.  However,  the  overall 
schedule  did  not  allow  this  determination  prior  to  a commitment 
to  field  two  units  on  Husky  Pup  event. 

2.3  HUSKY  PUP  EVENT 

2.3.1  Installation.  Two  gages  were  installed,  one  at  104 
meters  and  the  other  at  137  meters  from  the  working  point.  Sev- 
eral difficulties  were  encountered  during  installation  of  the 
higher  level  unit.  The  plan  was  to  place  it  at  95  meters  but 
debris  in  the  drill  hole  forced  placement  further  back.  Also,  a 
portion  of  the  tunnel  wall  broke  out  during  pressurization  of  the 
grout.  During  subsequent  regrouting  the  pressure  was  maintained 
at  40  psi  maximum.  The  137  meter  unit  was  successfully  pres- 
surized to  120  psi. 
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This  a nd 


aspects  of  the  installation  are  now 
ilare  of  both  EDS  gages. 


academic  in  vie> 

2.3.2  Posttest  .tesu.ts.  No  useful  data  were  obtained  from 
cither  EDS  channel  on  Husky  Pup  event.  Since  the  canisters  have 
not  been  recovered,  one  can  only  speculate  the  cause  for  complete 
failure.  In  retrospect,  the  most  probable  cause  for  total  fail- 
ure appears  to  be  leakage  of  fluid  during  the  grouting  operation. 
If  the  fluid  penetrated  the  vinyl  jacket  of  the  cable  there  is 
good  probability  it  could  follow  the  wires  into  the  canister 
interior.  While  the  EDS  is  potted  internally  (except  for  inside 
the  coil  tube)  the  RTV  would  not  be  expected  to  act  as  a pressure 
seal  since  its  adhesion  is  poor  and  it  is  quite  compressible. 
Assuming  this  failure  mode  explains  all  of  the  subsequent  experi- 
ences. First,  there  was  no  positive  indication  that  the  inertial 
slug  was  released  when  the  latching  solenoid  was  energized. 
Second,  no  meaningful  data  was  recorded  during  the  ground  motion 
from  Husky  Pup  event.  There  was  no  indication  of  any  signal  that 
could  be  interpreted  as  motion  of  the  coil  tube  relative  to  the 
magnet. 

Failure  of  the  solenoid  to  respond  would  cause  an  error  of 
the  output  signal  by  delaying  initial  movement  of  the  inertial 
slug.  The  locking  mechanism  consisted  of  a 1.5  mm  diameter  steel 
pin  inserted  behind  a 0.8  mm  aluminum  lip.  However,  it  is  un- 
likely that  this  lip  would  not  fail  in  shear  at  or  before  the 
peak  acceleration  level. 

A less  likely  but  possible  alternative  failure  mode  is  the 
canister  distortion.  Undue  crushing  of  the  canister  would  result 
in  seizure  of  the  slug  with  no  output  as  a consequence. 

The  cable  transition  seems  to  have  survived  at  least  for 
several  hundred  milliseconds  as  seen  from  studying  the  baseline 
noise  level. 
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2.4  CONCLUSIONS  AND  RECOMMENDATIONS 


> 

1 


V 


Quite  aside  from  the  UGT  failure,  based  on  drop  test  re- 
sults, it  is  obvious  that  the  EDS  is  not  yet  ready  for  field 
application  in  the  environment  for  which  it  is  has  been  designed. 
The  coefficient  of  friction  (or  apparent  frictional  effects)  must 
be  reduced  to  an  acceptable  level  and  the  fluid  pressure  integ- 
rity of  the  canister  improved.  The  latter  presents  no  special 
problem  while  the  drag  on  the  slug  could  be  much  more  trouble- 
some . 

The  apparent  frictional  effects  could  be  caused  by  the 
combination  of  a short  shuttle  and  relatively  loose  clearance 
between  sliding  bearings  and  the  coil  tube.  When  the  EDS  is 
shocked,  vibrations  in  the  tube  may  cause  the  shuttle  to  rattle 
from  side  to  side  as  it  moves  down  the  tube.  Analysis  of  the 
drop  test  data  indicates  that  the  error  is  not  induced  by  any 
simple  interpretation  of  coulomb  friction. 

As  mentioned  previously,  without  recovery  of  at  least  one  of 
the  EDS  canisters  it  is  impossible  to  make  positive  determination 
of  the  failure  mode.  It  would  seem  worthwhile  to  consider  re- 
covery if  mining  is  being  done  in  the  immediate  vicinity.  The 
recovery  would  permit  assessment  of  canister  survival,  cable 
transition  survival  and  a positive  determination  of  the  cause  of 
failure.  The  first  two  benefits  could  have  direct  application  to 
other  projects  while  the  third  may  be  only  of  academic  value  de- 
pending upon  the  fate  of  this  EDS  project. 

While  the  primary  objective  of  this  project  (successful  de- 
velopment of  an  earth  displacement  sensor)  was  not  satisfied, 
several  worthwhile  byproducts  of  this  effort  have  direct  appli- 
cation to  other  projects.  These  will  be  emphasized  in  this  re- 
port along  with  the  lessons  learned  in  studying  and  working  with 
the  EDS  concept.  Of  particular  significance  is  the  cable  tran- 
sition design  described  in  Chapter  4.  The  canister  survival 
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analysis  has  general  applicability  to  other  thick  walled  cylinder 
design  problems. 

The  response  analysis  and  damping  considerations  are  not  as 
general  in  nature  yet  could  apply  to  instruments  with  similar 
designs . 

One  day  the  principle  of  the  EDS  will  doubtless  be  applied 
in  some  modified  form  to  another  problem  for  which  it  is  more 
suitable.  It  is  hoped  that  the  lessons  learned  on  this  project 
and  reported  herein  will  serve  as  stepping  stones  and  for  gui- 
dance to  that  project.  For  this  reason,  many  details  are  re- 
ported that  are  otherwise  irrelevant  history. 


18 


CHAPTER  3 

ENGINEERING  DESIGN  AND  ANALYSIS 

3.1  RIGID  BODY  RESPONSE  ANALYSIS 

A rigid-body  analysis  was  performed  to  determine  the  sensi- 
tivity of  the  induced  motion  X{t)  of  the  EDS  inertial  slug  to 
values  of  the  angle  u between  the  direction  of  motion  of  the 
shock  front  and  the  axis  of  the  EDS. 

For  this  analysis,  it  was  assumed  that:  (1)  the  EDS  canis- 

ter is  rigid  and  installed  horizontally  in  the  earth,  (2)  the  ra- 
dial shock  (with  respect  to  the  source)  propagates  slightly  off 
the  horizontal  axis  at  an  angle  u,  (3)  the  only  force  acting  on 
the  slug  at  the  coil  tube  interface  arises  from  coulomb  (sliding) 
friction  (i.e.,  no  damping)  and,  (4)  there  is  perfect  coupling 
between  the  earth  and  the  canister.  Displacements  X and  X^^  are 
referenced  to  a fixed  ground  point.  The  geometry  is  shown  in 
Figure  3.1. 

Quantities  and  parameters  in  the  figure  are  defined: 

X^(t)=  free-field  motion  of  the  earth  and  canister, 

X(t)  = induced  motion  of  the  inertial  slug, 

u = off-axis  angle  of  radial  shock  front  with  the 
horizontal 

m = mass  of  the  inertial  slug,  and 
f = frictional  force 

The  frictional  force  f = pN,  where 


N = the  normal  force  on  the  slug 
*•  u = the  coefficient  of  friction 


Fiqu.rc  3.1.  EDS  geometry  for  rigid-body  response  analysis. 
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Subscripts  are  used  for 


= coefficient  of  static  friction  = X 
U2  - coefficient  of  dynamic  friction  X^^  X 

At  very  early  times  the  slug  moves  with  the  canister  due  to 

static  friction,  but  at  some  time  t^,  the  breakaway  time,  the 

slug  will  break  loose  from  the  canister  and  relative  movement 

will  commence.  At  t , the  free-field  acceleration  X. (t  ) satis- 

o 1 o 

fies  the  condition 


cosa-u  j^sinu 


(3.1) 


Figure  3.2  shows  the  sensitivity  of  the  free-field  breakaway 
acceleration  to  various  angles  of  a using  Equation  (3.1).  It  may 
be  seen  that  over  a range  of  angles  a from  16O  degrees,  the  break- 
away acceleration  ranges  from  0.05  g to  0.2  g for  0.05  ^ 1 0.1. 

These  equations  show  that  the  effects  of  friction  on  break- 
away are  small  when  compared  to  the  built-in  value  of  1.67  g. 

This  is  from  the  spring  restraint  clip  that  holds  the  slug  in 
place  until  measurement  time.  See  Chapter  4 for  further  details 
of  this  aspect  of  the  EDS. 

The  breakaway  acceleration  values  are  very  small  compared  to 
the  peak  accelerations  expected  for  the  EDS  free-field  enviro- 
nment, so  that  breakaway  should  occur  very  shortly  (several 
microseconds)  after  the  arrival  of  the  shock  front. 

After  breakaway,  the  slug  motion  is  governed  by  its  initial 
conditions  and  frictional  drag  forces  (neglecting  any  aerodynamic 
drag) . The  equation  of  motion  is 


> 

i 
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Fiaure  3.2 


Sensitivity  of  breakaway  acceleration  to  off 
axis  acceleration. 


mX  ( t ) - I u 2^1  I g + X ( t ) s i n 


= 0 


(3.2) 


with  initial  conditions 


X ( t ) = X, (t  ) cost 
o 1 o 


X(to)  = X^(t^^)cost 


(3.3) 


The  parameters  of  interest  are 


X^  = free-field  displacement 
X^cosa  = canister  displacement 
X = slug  displacement 

AX  = Xj^cosu  - X = gage  output  parameter 

AX 


Gage  error  = 1 - 


X j^COS'I 


Equation  3.2  was  solved  in  closed  form  to  obtain  velocity 
X(t)  and  displacement  X(t)  in  terms  of  the  free  field  environ- 
ment. The  resulting  equations  were  programmed  for  computer-aided 
computations  of  parametric  values  used  in  studies  of  EDS  perfor- 
mance and  response.  DNA  furnished  data  (Reference  2)  were  used 
as  input  for  waveforms  and  pea)c  values  of  accleration,  velocity, 
and  displacement  at  various  ranges.  Figure  3.3  portrays  the 
general  nature  of  the  temporal  waveforms  expected  while  represen- 
tative pea)^  values  are  given  in  Table  3.1. 

Using  the  DNA  predicted  environment  for  guidance,  a self-consistent 
set  of  piecewise-conti nuous  functions  were  developed  that  could 
be  used  in  the  computer  code  as  the  input  stimulus  to  the  EDS. 

These  equations  are  given  for  reference  in  Appendix  B.  The  code 
was  also  developed  to  accept  an  arbitrary  input  such  as  would  be 
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Fiqure  3.3. 


Free-field  waveforms 


for  ground  motion. 


24 


Table  3.1.  Typical  free-field  motion  parameters. 


p 

max 

:kbar) 

X 

max 

(g) 

X 

max 

(m/ sec) 

X 

max 

(m) 

2. 8 

3350. 

75.0 

3.60 

0.66 

350  . 

14.9 

0.96 

0. 29 

96. 

5.7 

0.44 

0. 16 

38. 

2.9 

0.26 

0.10 

19. 

1.7 

0.17 

obtained  from  diqitization  of  an  analog  accelerometer  measure- 
ment . 

The  results  of  an  error  analysis  to  investigate  the  sensiti- 
vity of  the  EDS  to  cross-axis  acceleration  are  shown  in  Fiejure 
3.4.  It  is  noted  from  study  of  the  figure  that  if,  u equals  0.1, 
a five  percent  error  at  peak  displacement  can  be  expected  for  a 
misalignment  on  the  order  of  10  degrees  (arctan  u equals  0.8). 

It  was  concluded  from  the  analysis  that  the  EDS  requires  a 
low  coefficient  of  friction  (y  less  than  0.1)  to  be  used  satis- 
factorily without  applying  any  correction  for  frictional  effects 
if  a precision  measurement  is  required.  The  use  of  a complemen- 
tary triaxial  accelerometer  measurement  and  a forehand  knowledge 
of  the  coefficient  of  friction  enables  a straightforward  and 
reasonable  compensation  of  the  data.  Such  a procedure  would 
extend  the  useful  range  of  applications  for  the  EDS  and  tolerate 
a larger  value  of  u . 

3.2  EDS  CANISTER  SURVIVAL  ANALYSIS 

3.2.1  Objectives.  A survivability  analysis  was  performed 
to  determine  adequate  structural  designs  for  the  canister  of  the 
EDS.  The  analysis  was  performed  over  a range  of  peak  pressures 
up  to  5 kbar  with  a specific  design  objective  of  determining  a 
canister  sure-survival  design  for  a peak  pressure  of  1 kbar. 
Several  aspects  of  structural  adequacy  were  considered  using 
static  analyses,  which  in  general  will  tend  to  yield  conservative 
designs . 

3.2.2  Assumptions.  It  was  assumed  throughout  this  analysis 
that  as  the  pressure  shock  front  traverses  the  free-field  medium 
and  engulfs  the  canister  itself,  a state  of  hydrostatic  pressure 
exists  behind  the  shock  front.  Thus  when  the  maximum  pressure 
occurs  at  some  point  on  the  canister,  that  maximum  pressure 
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occurs  over  the  lonqth  of  the  canister  enqulfed  by  the  shock 
front.  This  assumption  is  reasonable  for  the  first  15  msec  after 
the  arrival  time  since  the  expected  positive  acceleration  pulse 
duration  is  approximately  15  msec.  however,  pressure-time  data 
from  Dido  Queen  (Fiqure  3.5)  under  conditions  similar  to  those 
expected  for  the  EDS  indicates  that  after  about  15  msec,  the 
pressure  drops  to  about  40  percent  of  the  peak.  Thus  a static 
analysis  assuming  a hydrostatic  external  pressure  will  yield 
conservative  results  since  maximum  pressures  appear  to  last  only 
15  msec  and  even  within  this  time  interval  occur  with  a sharp, 
spike-like  time  history.  It  is  expected  that  the  lateral  pres- 
sures on  the  canister  reflected  from  a quartzite  interface  will 
be  on  the  order  of  half  the  radial  pressure. 

The  static  analysis  was  performed  for  a long  simple  tube  and 
does  not  take  into  account  the  additional  structural  strength  due 
to  external  stiffening  ribs  which  were  incorporated  into  the 
design  to  enhance  the  medium/canister  coupling.  The  combination 
of  the  pressure  assumption  and  the  incorporation  of  the  stiffen- 
ing ribs  on  the  actual  canister  fielded  tend  to  make  the  designs 
resulting  from  the  following  survivability  analysis  conservative 
ones . 

3.2.3  Constraints.  Several  modes  of  failures  were  consi- 
dered; (1)  buckling,  (2)  crushing,  (3)  deflection,  and  (4) 
bending.  Each  of  these  modes  of  failure  leads  to  a constraint  on 
the  minimum  necessary  canister  wall  thickness  for  a given  canis- 
ter inner  radius.  In  relatively  low  frequency  measurements,  such 
as  displacement  measurements,  it  is  desirable  to  match  the  aver- 
age canister  density  to  that  of  the  surrounding  free-field 
medium.  Consequently  an  additional  constraint  on  wall  thickness 
is  identified  due  to  density  considerations.  Each  of  these 
constraints  is  briefly  discussed  below. 
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Figure  3.5.  Pressure-time  data  trace  from  Dido  Queen  (Reference 


1.  Buckling  Constraint.  For  a long  tube  subjected  to  a 
uniform  lateral  external  pressure  P (see  Figure  3.6),  the  criti- 
cal pressure  P ■ ^ at  which  elastic  buckling  occurs  is  (Reference 
cr  1 1 

4 , Page  354 ) : 


P 

cri 


t 


E 

4 (l-v^) 


3 


where : 


the  modulus  of  elasticity  (Young's  Modulus) 
Poisson's  Ratio 


E 

V 

t = Tube  wall  thickness 


R = 


R + R 

outer  inner 


= average  radius 


The  constraint  of  not  allowing  elastic  buckling  to  occur  re- 
guires  that 


P < P 


crit 


from  which  is  found  that: 


R 

outer 

R. 

inner 


"2e 

(l-v^) 

Te 


+ 1 


- 1 


(3.4) 


2.  Crushing  Constraint.  For  a thick  tube  subjected  to  a 
uniform  external  pressure  P,  (as  shown  in  Figure  3.6)  at  a given 
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radius  R,  the  ociuations  for  the  radial  and  hoop  stress  components 
(Reference  4,  l^aqe  308)  are: 


PR  ^ 
o 


R 2 - R^ 
o 1 


and 


The  sign  convention  here  is  that  stresses  in  tension  are  positive 
and  in  compression  negative. 

To  avoid  crushing  of  the  tube,  we  require  that  the  hoop 
stress  does  not  exceed  the  yield  strength  a of  the  material 

in  compression.  Since  Og  is  a maximum  at  the  inner  radius  R^ , we 
require  that  Og  be  less  (in  absolute  value)  than  i.e., 


yield 


at  R = R , 


The  crushing  constraint  leads  to  the  inequality 


^o  / ^yield 
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3.  Deflection  Constraint.  For  a thick  tube  subjected  to  a 
uniform  external  pressure  {Figure  3.6),  we  require  that  the  de- 
flection (change  in  radial  displacement)  6 at  the  inner  radius 
be  less  than  some  given  deflection  of  magnitude  6^.  This  con- 
straint was  to  insure  that  the  steel  outer  coil  tube  (internal  to 
the  canister)  would  not  deform  so  as  to  bind  up  the  inertial  slug 
within . 

The  equation  for  the  deflection  of  the  canister  at  a given 
radius  R is: 


6 


R 

E 


VO 


r 


where  a„,  o , E and  v are  defined  as  above. 

0 r 

We  then  require  that 
6 > “ '^o  ~ 0.25  mm  at  R = Rj  , 

where  a radial  expansion  is  a positive  (S  while  a contraction  is  a 
negative  6.  The  result  is  the  inequality 


4.  Bending  Constraint.  If  the  shock  front  traverses  the 
EDS  while  being  inclined  at  angle  0 to  the  canister  axis  (Figure 
3.7),  the  non-axisymmetric  loading  over  a length  d tends  to  bend 
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the  canister.  At  the  end  points  of  this  region  along  the  canis- 
ter, the  load  passes  from  zero  degrees  engulfment  to  360  degrees 
engulfment,  while  at  any  point  in  between  the  ends,  f degrees  out 
of  360  degrees  are  engulfed.  The  incremental  component  of  load 
dP  perpendicular  to  the  axis  on  a cross-sectional  "disc"  of 
length  dz  is  given  by: 


dP 


-ff/2 

J-V/2 


P R cos a 
o o 


dz 


= 2P  R sin  ^ dz 
o o 2 


At  t = 0°  and  'i'  = 360°,  P = O as  expected.  S'  varies  linearly 
from  z=0toz=das  given  by 


Ihe  moment  M on  the  canister  is  then: 


dm  = zdP 


Solving  for  M by  integration  of  both  sides 


M 


2P  R 


o o 


2P  R 


o o 


sin 


dz 
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since  d 


= 2R  tan  0,  we  then  have: 
o 

8P  R ’ tan^O 
o o 


For  beam  bending,  the  stress  component  in  the  z direction 
due  to  bending  is 


MR 

_ o 

bending  I 


4MR 

o 

•n  (R^-  - Rj"* ) 


32P  R " tan^e 
o o 

(R^-  - Rj-  ) 


where 


IT  (R^-  - Rj" ) 

I = 3 = moment  of  inertia  of  the  tube. 


To  take  into  account  the  effects  of  the  axial  load  on  the 
end  caps,  we  can  first  determine  the  end  load 

P ^ = P^  ^ R«^ 
end  o o 


This  end  load  causes  an  axial  stress  o j in  the  tube  as 

end 


given  by: 
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end 


P R ‘ 
o o 


end 


7T  (R  2 

o 


Rl^) 


R 2 _ R . 

O I 


If  we  now  require  that  the  axial  stress  be  less  than  the 
yield  strength  of  the  material  we  have: 


o 

z 


end 


+ 


o 


bending 


< 


a 


yield 


which  yields  the  constraint: 


^ B + /B2  - 4AC 

Rj  if  2A 


where : 


(3.7) 


A 


^yicld 


32  P tan^O 
o 


P 

o 


' B = - TT  ^ P and 
o 


C 


'^yield 


5.  Density  Considerations.  It  is  desirable  to  have  an  EDS 
with  an  average  weight  density  p equal  to  the  density  of  the  sur- 
rounding medium  (equals  2.0  gm/cm’  for  saturated  tuff),  par- 
ticularly when  relatively  low  frequency  ground  motion  data  are 
sought.  Reference  5 indicates  that  for  a spherical  canister 
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with  a density  mismatch  of  1.35  between  the  canister  and  medium, 
an  error  of  approximately  20  percent  in  the  measured  radial  velo- 
city from  the  true  free-field  velocity  can  be  expected. 

Requiring  that  7^  = we  can  obtain  a relation  for  the 

ratio  R /R^  that  is  a function  of  p (and  the  canister  dimen- 
o I m 

sions) : 


R 

R 


0 

1 


(3.8) 


The  function  is  not  explicitly  given  here  as  it  in- 

cludes all  of  the  formulas  for  elemental  volumes,  and  densities 
of  the  EDS  assembly.  It  is  long  and  unwieldy  and  would  serve  no 
useful  purpose  to  include  in  this  report. 

3.2.4  Permissible  Designs.  Plotting  Equations  (3.4), 

(3.5),  (3,6),  (3.7),  and  (3.8)  on  a graph  of  canister  thicliness, 

t = R^  - Rj , versus  R^  for  various  external  pressures  up  to  5 
)cbar,  one  can  readily  identify  the  permissible  designs  for  the 
EDS  canister.  High  strength  4130  steel  was  used  for  fabrication 
of  the  EDS  canister.  The  material  was  heat  treated  to  obtain  a 
yield  strength  of  117,000  N/cm^ . The  density  of  the  surrounding 
medium  was  assumed  to  be  that  of  saturated  tuff  with  matching 
grout,  viz,  = 2.0  gm/cm’.  For  pressures  of  0.5,  1,  2,  3,  4, 
and  5 l^bar,  the  resulting  plots  are  shown  in  Figures  3.8  through 
3.13. 

Also  shown  on  the  plot  for  0.5,  1,  and  2 libar  are  the  curves 
for  density  ratios  o/p^  of  1.25  and  1.5.  The  areas  of  permis- 
sible designs  are  shown  as  the  hatched  areas  with  a symbol  indi- 
cating the  EDS  design  point.  Figure  3.14  is  a plot  of  minimum 
canister  thic)<ness  versus  pressure  for  various  inner  radii.  This 
figure  indicates  that  the  EDS  design  is  adequate  to  1.4  l;bar . 
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EDS  Design 


Figure  3.8.  Survivability  design  constraints  for  4130  steel  at  0.5  kbar 


Permissible  Desinns  ^ = EDS  Design 


i 
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Figure  3.10.  Survivability  design  constraints  for  4130  steel  at  2 kbar. 


constraints  for  4130  steel  at 


Thickness,  inch 


Figure  3.14.  Minimum  canister  thickness  versus  pressure  for 
4130  steel. 


5 


This  sure  survival  level  is  considered  a conservative  estimate 
since  no  account  of  the  additional  structural  strength  due  to 
coup  1 i nq/sti f f ening  rings  has  been  included  in  the  analysis.  It 
is  also  seen  that  for  pressures  of  2 kbar  or  more,  a steel  design 
is  not  adequate  since  survivable  designs  have  unacceptably  large 
density  mismatch  ratios. 

For  possible  future  use,  the  same  analysis  was  also  per- 
formed on  two  types  of  aluminum:  6061-T6  and  7075-T6  with  yield 
strengths  of  28  and  50  x 10^  N/cm^ , respectively.  For  pressures 
of  0.5,  1.0,  and  1.2  kbar,  the  design  curves  were  calculated. 

For  0.5  kbar  and  an  inner  radius  of  3.05  cm  it  was  seen  that  alu- 
minum is  a better  canister  material  to  use  than  steel  since  the 
overriding  constraint  is  density. 

For  1.0  kbar  the  dominant  mode  of  failure  will  be  crushing 
and  to  satisfy  the  crushing  constraint  with  an  inner  radius  of 
3.05  cm,  a density  mismatch  of  1.10  is  necessary.  If  a density 
mismatch  of  1.25  is  allowed  a factor  of  safety  of  greater  than 
two  can  be  expected  and  a 6061-T6  aluminum  design  still  looks 
more  advantageous  than  steel  at  1.0  kbar.  however,  the  disad- 
vantage of  this  type  of  aluminum  is  that  the  crushing  constraint 
requires  fairly  thick  canisters  for  pressures  just  slightly  above 
1 kbar. 

Thus,  although  a 6061-T6  aluminum  canister  appears  to  be 
superior  to  a steel  one  at  pressures  of  1 kbar  or  less,  the 
design  is  quite  sensitive  to  pressures  slightly  above  1 kbar  and 
yields  unpractical  designs.  It  will  be  seen  that  7075-T6  alumi- 
num is  the  obvious  choice  between  the  two  aluminum  types. 

7075-T6  aluminum  with  a yield  strength  of  50,000  N/cm^  looks 
very  promising  for  pressures  up  to  2 kbar.  Figures  3.15  through 
3.18  show  the  design  constraints  for  pressures  of  0.5,  1.0,  1.5, 
and  2.0  kbar.  These  figures  show  that  for  pressures  of  1 kbar  or 
less,  density  is  the  overriding  constraint  for  a 3.05  cm  inner 
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Figure  3.16.  Survivability  design  constraints  for  7075-T6  aluminum 


nstraints  for  7075-T6  aluminum 


PerFiissibl 


r 7075-T6  aluminum 


radius  EDS  canister.  For  a 2 kbar  pressure,  a 3.81  cm  thick 
canister  is  necessary  to  prevent  crushinq  which  is  the  dominant 
mode  of  failure.  These  dimensions  correspond  to  an  EDS  with  a 
density  mismatch  of  1.13  and  a weight  of  about  36  kg.  Allowing  a 
density  mismatch  of  1.25,  a safety  factor  of  1.86  can  be  obtained 
for  2 kbar  which  is  quite  promising.  Figure  3.19  which  plots 
minimum  wall  thickness  versus  pressure,  indicates  that  a 3.05  cm 
inner  radius  design  with  a density  mismatch  of  1.25  (wall  thick- 
ness equals  7.11  cm)  would  bo  good  to  2.25  kbar. 

Thus,  it  appears  that  an  EDS  canister  made  of  7075-T6  alu- 
minum is  superior  either  to  a 4130  steel  canister  or  a 6061-T6 
aluminum  canister.  7075-T6  aluminum  could  safely  be  used  for 
pressures  up  to  2 kbar. 

3.3  CANISTER  COUPLING  TO  MEDIA 

Much  work  has  been  done  in  studying  the  effects  of  emplace- 
ment of  an  earth  motion  sensor  in  a free-field  medium,  and  it  was 
beyond  the  scope  of  work  for  this  project  to  duplicate  such  stu- 
dies. Rather,  some  of  the  results  of  such  studies  were  used  to 
study  the  impact  of  grout  selection  upon  gage  emplacement. 

Based  upon  available  data  (References  6,  7,  and  8),  a review 
of  various  grout  materials  was  made  relative  to  emplacement  of 
the  EDS  in  the  Rainer  Mesa,  NTS,  Area  12  free  field. 

Grout  recommendations  for  EDS  emplacement  was  based  upon 
considerations  of  three  basic  parameters:  (1)  strength  (i),  (2) 

density  (p),  and  (3)  impedance  (Z). 

The  Rainer  Mesa  is  composed  almost  entirely  of  tuffaceous 
strata  of  which  the  top  consists  of  10  to  50  meters  of  dense 
welded  tuff  overlying  600  meters  of  relatively  soft  tuff  strata 
which  in  turn  lies  upon  thick  Paleozoic  carbonate  rock. 

Tuff  materials  data  from  NTS  Area  12  is  presented  in  Ref- 
erence 7.  A limited  amount  of  triaxial  compression  tests  were 
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performed  from  which  a shear  streju;th  evaluation  could  ho  made. 
Averayo  data  taken  from  five  drill  holes  at  NTS  U12.07  in  the 
area  of  Husky  Pup  UGT  are  presented  in  Table  3.2  for  comparison 
with  some  NTS  qrouts. 

Comparison  of  the  averaye  density  of  1.99  ym/cm’  to  other 
measured  densities  at  nearby  sites  indicates  that  this  value 
should  probably  be  considered  as  an  upper  bound;  however,  for 
this  study  it  is  used  as  a reasonable  approximation. 

Comparisons  of  strenyth,  density,  and  impedance  may  be  made 
for  a limited  number  of  yrout  materials  based  upon  av'ailable 
qrout  material  data  (References  7 and  8).  Five  yrouts  were  ex- 
amined; maximum  shear  stress,  density,  and  seismic  impedance  for 
three  of  those  qrouts  are  presented  in  Table  3.2. 

Compariny  the  data  in  the  table  with  the  averayed  values  for 
Rainer  tuff,  the  followiny  observations  may  be  made. 

1.  Strenyth . Grout  No.  3 (NTS,  high  strenyth,  DSHSG)  is 
the  only  grout  material  having  a shear  strenyth  ecjual  to  or 
greater  than  that  of  the  free-fiold  media  at  a 4 kbar  restraining 
pressure.  Grout  No.  2 (NTS,  rock  matching  DSRM-2)  is  the  second 
best  choice.  Grout  No.  1 (NTS,  Super  lean  H.SSL-1)  has  very  poor 
shear  strength. 

2.  Density . With  the  exception  of  Grout  No.  1,  all  of  the 
grouts  have  densities  which  match  the  free-field  density  within 
two  percent. 

3.  Impedance . The  best  impedance  match  is  obtained  with 
the  No.  2 grout  which  has  a seismic  impedance  approximately  nine 
percent  less  than  the  free-field  impedance.  The  second  best 
match  is  found  for  the  No.  3 grout  which  is  25  percent  high.  All 
other  grouts  were  4 3 fiercent  or  more  too  low 

Based  upon  these  comparisons,  the  final  choice  would  appear 
to  bo  either  the  No.  2 or  No.  3 NTS  grouts.  It  is  imperative 
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Table  3.2.  Density,  maximum  shear  stress,  and 
for  the  grout  candidates. 


Type 


p Impedance  Z 

(gm/cc)  (gm  sec/cm^) 


1.  NTS  1.75  313.6 

SuperLean 
HSSL-1 


2.  NTS  2.03  504.8 

Rock  Matching 
DSRM-2 


3.  NTS  1.95  697.0 

{{igh  Strength 
DSHSG 


4.  NTS  Tuff^  1.99  557 


Average  values  from  Reference  7. 


seismic  impedance 


at  4 kbar 

max 


4 bar 


90  bar 


500  bar 


245  bar 


that  tho  qrout  used  to  emplace  the  EDS  maintain  its  structural 
integrity  during  transit  of  the  froe-field  stress  wave.  The  most 
severe  EDS  emplacement  was  at  Oj  =0.5  kbar  (peak  radial  soil 
stress).  The  confining  stress,  can  be  estimated  for  the 

relationship  arising  from  a plain  strain,  or  uniaxial  strain 
condition,  i .e. , 


For  the  NTS  Ranier  tuff  a reasonable  value  for  Poisson's  ratio  is 
V = 0.33.  Therefore,  ^2  ~ 0.5  = 0.25  kbar.  Failure  envelopes 

for  these  grouts  (Referenct  7)  indicate  that  at  = 0.28  kbar 
the  allowable  stress  difference  (0^-0^)  for  the  No.  2 and  No.  3 


grouts  are 

as  follows: 

No.  2 

NTS  (o^-o^) 

= 0.13 

kbar 

at  0^  = 0.25 

kbar 

No.  3 

NTS  (0^-0^) 

= 0.69 

kbar 

at  0^  = 0.25 

kbar 

or 


(0, ) =0.38 

1 max 

kbar , 

for 

Grout 

No. 

2 

(a, ) =0.94 

1 max 

kbar , 

for 

Grout 

No. 

3 

Since  the  free  field  = 0.5  kbar,  the  NTS  No.  3 high 
strength  grout  (DSHSG)  appears  to  be  the  optimum  choice  for  EDS 
emplacement.  Unfortunately,  DSHSG  was  found  to  be  unsuitable  for 
pumping  into  the  drill  hole  and  the  choice  of  HPNS-2  was  made  as 
an  expedient  decision  at  the  time  of  installation.  No  test  data 
was  available  regarding  the  physical  properties  of  this  rela- 
tively new  grout. 
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CHAPTER  4 


HARDWARE  DESIGN 


Dt'scr  i pt  ions  and  discussion  of  the  F,DS  desiqn  have  been 
classified  in  this  chapter  as  pertaining  to  either  the  transducer 
or  the  canister.  The  transducer  embodies  that  portion  of  the  EDS 
which  generates  an  output  signal  that  is  proportional  and  in 
response  to  the  desired  input  stimulus.  The  canister  serves  a 
dual  role  by  providing  physical  protection  for  the  transducer,  as 
well  as  offering  a mechanism  for  coupling  to  the  media  to  assure 
the  EDS  responds  with  the  earth  particle  displacement. 

4.1  THE  TRANSDUCER 

The  EDS  desiqn  is  derived  from  an  adaptation  of  the  TRIM 
gage  manufactured  by  KSC  (Reference  1).  The  EDS  and  TRIM  gages 
are  similar  in  principle  to  the  Linear  Velocity  Transducer  (I.VT), 
yet  differ  by  virtue  of  a radial  magnetic  field  and  discrete 
coils. 

4.1.1  Transduction  Principle.  The  EDS  is  a sel f-generating 
transducer  whose  output  signal  is  the  result  of  an  electromotive 
force  (emf)  that  is  induced  in  discretely  spaced  coils  by  rela- 
tive motion  of  an  inertial  mass  containing  a radial  field  per- 
manent magnet. 

The  transduction  principle  is  described  by  Faraday's  law  of 
electromagnetic  induction  which  states  that  the  emf  induced  in  a 
loop  of  wire  conductor  is  proportional  to  the  rate  of  change  of 
the  magnetic  flux  linkage.  For  a multiturn  coil  of  wire  in  a 
time  varying  magnetic  field,  this  law  may  be  expressed  mathema- 
tically as 


d4> 

e = -n  3^ 


(4.1) 
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where 


e = induced  emf, 
n = number  of  coil  turns. 


and 


df/dt  = magnetic  flux  linkage  time  rate  of  change. 


4.1.2  Sensor  Geometry.  The  geometry  of  the  transducer 
active  sensor  is  illustrated  in  Figure  4.1.  It  is  seen  that  the 
coil  tube  and  inertial  slug  are  free  for  relative  motion  along 
their  mutual  longitudinal  axis.  Friction  provides  the  only 
coupling  between  the  two  elements  for  axial  motion,  as  long  as 
the  inertial  slug  is  within  the  active  region  of  the  coil  tube. 
The  inertial  slug  contains  a toroidal  permanent  magnet  whose 
field  extends  radially  outward.  Multiple  coils  spaced  2.54  cm 
apart  along  the  length  of  the  coil  tube  are  connected  in  series. 

It  is  now  noted  that  if  the  coils  are  coupled  to  move  with 
the  earth  and  the  coefficient  of  friction  between  the  coil  tube 
and  inertial  slug  is  low  enough,  axial  motion  of  the  earth  will 
result  in  a changing  magnetic  field  for  the  coils  due  to  induced 
relative  motion  between  the  coils  and  magnet.  The  coil  output 
voltage  is  proportional  to  the  time  derivative  of  the  displace- 
ment, i.e.,  the  relative  velocity  (v) . 

The  sensitivity  (S)  of  the  EDS  to  relative  velocity  is 
defined  as 


S = 


e 

V 


(4.2) 
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steel  Tube 


Figure  4.1.  Cutaway  view  of  EDS  core  aeometry 


It  can  be  shown  that  for  a coil  movinq  in  a unifonn  maqnetic 
f ielci 


S = n 


TiBd  • 10" " 


volts 

cm/sec 


(4.3) 


where 


n = number  of  coil  turns, 

B = magnetic  flux  density  in  gauss. 


and 

d = effective  coil  diameter  in  cm. 

These  design  values  for  the  EDS  are  given  as 

B = 700  gauss  (nominal) 
n = 45  turns 
d = 4.29  cm 


The  sensitivity  is  calculated  to  be 

S = 45  X TT  X 700  X 4.29  x 10“®  volts/cm/sec 
= 4.25  mv/cm/sec. 

4.1.3  Coil  Tube . The  function  of  the  coil  tube  is  to  pro- 
vide a form  on  which  to  wind  the  coils.  The  inside  surface  of 
the  coil  tube  is  precision  honed  and  polished  to  serve  as  a low- 
friction  race  for  the  sliding  contact  bearings  of  the  inertial 
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slut).  Ficjure  4.2  is  a photoqr£iph  of  the  coil  tube  during  as- 
semb 1 y . 

The  tube  is  made  from  6061-T6511  aluminum  and  is  99  cm  long 
with  37  coils  spaced  2.54  cm  on  centers  along  the  active  portion 
of  the  tube.  Each  coil  consists  of  45  turns  of  No.  32  AWG  copper 
magnet  wire.  In  addition  to  the  nylon  insulation  on  the  wire, 
the  outer  surface  of  the  tube  was  electro-etched  to  smooth  sharp 
corners  before  anodizing  for  extra  insulation  to  prevent  shorting 
to  the  coil  form  as  the  wire  made  right  angle  bends  into  the 
slots.  The  nominal  coil  is  4.29  cm  in  diameter  by  0.25  cm  wide. 
The  coils  are  layer  wound  all  in  the  same  direction  as  one  con- 
tinuous winding.  The  effect  is  37  discrete  segments  of  series- 
aiding  coils. 

The  mild  steel  outer  tube,  seen  also  in  Figure  4.2,  is  then 
potted  void  free  in  place  over  the  aluminum  coil  form  with  Hysol 
epoxy.  The  coil  tube  has  been  structurally  weakened  by  the  pre- 
sence of  the  coil  grooves  and  the  primary  function  of  the  outer 
tube  is  to  provide  reinforcement.  As  an  added  bonus,  the  permea- 
bility of  the  steel  serves  to  shape  the  magnetic  field  and  en- 
hance the  sensitivity  of  the  EDS. 

4.1.4  Inertial  Slug.  Elements  of  the  inertial  slug  are  the 
magnet,  bearing  rings,  core,  and  a latching  ring.  Figure  4.3  is 
a photograph  of  the  inertial  slug  and  the  latching  assembly. 

A sectional  view  of  the  slug  latched  in  position  is  shown  in 
Figure  4.4.  The  plastic  bearings  are  machined  of  solid  bulk 
nylon  that  has  been  loaded  with  molybdenum  disulfide.  This 
material  is  manufactured  by  The  Polymer  Corporation,  Reading, 
Pennsylvania  under  the  trade  name  Nylatron.  Screening  experi- 
ments were  conducted  in  the  laboratory  with  a flat  inclined  plane 
of  polished  aluminum  bar  stock  and  various  candidate  bearing 
materials.  The  Nylatron  surface  was  treated  with  Dow  Corning 
Molykote  321  to  fill  the  surface  tool  marks.  With  a dry  film 
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CENTIMETERS 


Fiqure  4.3.  Photoqraph  of  EDS  inertial  sluq  with  latchinq 
mechan  i.sm . 


fluorocarbon  lubricant  (Mi llcr-Stephenson  MS-122)  on  the  al'ininum 
surface,  the  coefficient  of  friction  for  breakaway  was  measured 
at  0.084  with  a dynamic  value  of  0.052.  Analysis  has  shown  that 
with  these  values  the  frictional  effects  would  be  acceptable. 

The  nominal  radial  clearance  between  bearings  and  tube  is  0.14 
mm. 

The  magnet  consists  of  three  120  degree  segments  of  barium 
ferrite  ceramic  manufactured  by  Indiana  General  under  the  trade 
name  Indox-1.  The  field-  is  radially  outward  and  the  corners  are 
chamfered  to  shape  the  magnetic  field.  The  segments  are  mag- 
netized to  saturation  which  gives  a flux  density  in  the  air  gap 
from  600  to  800  gauss.  The  segments  are  assembled  to  the  slug 
core  with  epoxy. 

The  latching  ring  is  threaded  to  the  slug  core  and  serves  as 
a retainer  for  the  second  bearing.  Features  of  the  latching 
mechanism  are  given  in  Section  4.1.5  which  follows. 

4.1.5  Latching  Mechanism.  The  latching  mechanism  is  re- 
quired to  insure  that  the  inertial  slug  remains  in  place  during 
shipment  and  installation  as  no  provisions  exist  for  "cocking"  or 
returning  the  slug  to  its  seated  position  prior  to  measurement. 
Details  of  the  latch  are  seen  in  Figures  4.3  and  4.4. 

A solenoid  actuated  latch  pin  provides  a positive  lock 
during  handling.  After  the  EDS  installation  is  completed,  the 
solenoid  may  be  actuated  prior  to  the  measuren.ent  time.  This 
retracts  the  pin  and  enables  relative  motion  between  the  slug  and 
the  coil  tube.  When  the  pin  is  retracted,  an  electrical  contact 
is  closed  for  purposes  of  monitoring  the  status  of  the  lock. 

A provision  to  lightly  restrain  the  slug  prevents  it  from 
coasting  away  from  the  seated  position  in  the  event  the  EDS  is 
tilted  downward.  These  beryllium  copper  finger  springs  require 
approximately  1 g additional  to  release  the  slug.  This  could  in- 
troduce a significant  error  if  the  initial  acceleration  buildup 
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was  slow.  Duo  to  the  shock  nature  of  the  environment  for  which 
the  EDS  is  designed,  this  breakaway  error  is  negligible. 

4.1.6  Electrical  Circuit.  The  EDS  electrical  circuitry  is 
shown  in  Figure  4.5.  The  signal  generating  coils  are  connected 
in  series-aiding.  The  output  signal  is  developed  in  only  one 
coil  at  a time,  neglecting  fringe  effects  on  adjacent  coils.  The 
total  measured  resistance  is  126  ohms  with  9 millihenries  of  in- 
ductance . 

Two  monitoring  circuits  are  provided  to  remotely  determine 
the  status  of  the  EDS.  The  first  consists  of  a resistor  that  is 
switched  in  parallel  with  the  latching  solenoid  when  the  pin  is 
properly  retracted  after  the  solenoid  has  been  energized.  The 
resistor  value  approximately  matches  the  solenoid  resistance  pro- 
viding an  unambiguous  change  in  resistance  between  the  two 
states.  The  second  resistor  matches  the  value  of  the  EDS  coil 
and  is  switched  in  parallel  with  the  EDS  until  the  slug  breaks 
away  from  the  seated  position,  again  providing  an  indication  of 
the  slug  position  by  the  resistance  reading. 

4.2  THE  CANISTER 

The  coils  and  inertial  slug  obviously  require  physical  pro- 
tection from  the  environment  along  with  a mechanism  to  couple  the 
coils  to  the  media.  The  canister  serves  to  p:)rovide  both  of  these 
functions.  It  consists  of  the  outer  case  with  coupling  rings  and 
a cable  transition. 

4.2.1  Outer  Case . The  structural  strength,  rigidity,  and 
protection  for  the  transducer  is  provided  by  a pipe  made  of  4130 
heat  treated  steel.  The  canister  is  shown  in  the  assembly  photo- 
graph which  is  Figure  4.6.  The  steel  rings  serve  primarily  to 
couple  the  pipe  to  the  grout.  Additional  stiffening  they  provide 
may  be  offset  by  the  weakening  caused  by  welding.  This  is  a 
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lagram . 


Fiqurc!  4.6.  Photograph  at  EDS  assembly. 
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complex  analysis  problem  that  was  not  specifically  solved. 

Kiqure  4.7  is  a drawinq  of  the  outer  case  and  coupling  rings. 

The  transducer  is  installed  in  the  tube  with  no  allowance 
for  axial  movement.  However,  limited  radial  movement  is  per- 
mitted. Silicone  rubber  is  poured  around  the  EDS  sensor  to  fill 
the  void.  General  Electric  RTV  602  was  selected  on  the  basis  of 
modulus,  density,  and  availability.  This  filler  provides  damping 
for  any  shock  induced  vibrations  in  the  coil  tube  while  at  the 
same  time  it  decouples  the  tube  from  canister  distortion. 

Using  the  survival  criteria  established  in  Chapter  3,  it  is 
estimated  that  the  failure  mode  for  the  canister  is  most  probably 
one  of  excessive  buckling  deformation  above  1.4  kbar  static  pres- 
sure level.  This  failure  is  not  necessarily  one  of  catastrophic 
unrestrained  yielding  because  of  the  conservative  design  approach 
taken,  along  with  the  recognition  that  the  dynamic  loading  is  not 
as  severe  as  the  static  condition  used  in  the  design  analysis. 

4.2.2  Cable  Transition.  Cable  survival  is  essential  to  the 
successful  measurement  and  is  an  important  facet  of  the  total 
design.  The  most  vulnerable  location  for  cable  damage  is  the 
point  of  exit  from  the  canister.  Several  protection  methods  wore 
considered  and  evaluated  for  application  to  the  EDS. 

The  final  design  consists  of  a graded  strength  transition  of 
aluminum  that  is  faired  from  the  diameter  of  the  EDS  canister 
tail  piece  to  tangentially  approach  the  diameter  of  an  aluminum 
tube  that  extends  beyond  the  transition  for  75  cm.  The  0.79  cm 
(5/16-inch)  aluminum  refrigeration  tubing  is  attached  to  the 
cable  transition  with  a flared  end  that  also  serves  as  the  con- 
nection point  for  the  braided  cable  shield. 

The  principle  of  this  design  is  to  provide  a gradual  mechan- 
ical impedance  transition  from  the  rigid  canister  to  the  flexible 
cable.  An  abrupt  cable  exit  would  certainly  invite  cable  failure 
in  the  face  of  any  shear  environment. 
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Initial  motion  of  the  EDS  canister  can  be  expected  to  ram 
the  tube  into  the  cable  due  to  the  length  of  the  canister  and  its 
orientation  with  respect  to  the  shock  wave.  This  potential  haz- 
ard for  the  cable  is  dealt  with  by  providing  a length  of  aluminum 
tubing  over  the  cable  that  is  formed  into  several  spiral  con- 
volutions. In  addition  to  the  physical  protection  this  affords, 
the  stiffness  of  the  tubing  permits  the  preforming  of  the  spirals 
as  seen  in  Figure  1.1  before  installation. 

A serious  deficiency  in  the  EDS  design  is  that  a potential 
pressure  leak  exists  via  the  cable  vinyl  outer  protective  jacket. 
Sealant  between  the  cable  and  the  aluminum  tubing  prevents  pres- 
sure leaks  around  the  outside  of  the  cable.  However,  any  pene- 
tration through  the  cable  jacket  would  result  in  a direct  pipe 
line  into  the  interior  of  the  EDS.  This  type  of  damage  could 
easily  happen  by  abrasion  during  installation.  An  improved 
design  would  implement  a pressure  tight  feedthrough  or  connector 
inside  of  the  rear  plug. 

Details  of  this  design  are  seen  in  the  assembly  drawing  of 
the  1;DS  seen  in  Figure  4.8. 

4 . 3 THE  EDS 

The  effective  density  of  the  EDS  is  calculated  by  including 
the  volume  and  weight  of  grout  included  in  the  space  between  the 
coupling  rings.  The  density  thus  calculated  is  2.5  gm/cc  which 
is  25  percent  above  the  average  for  NTS  tuff  in  which  the  EDS  is 
installed. 

This  density  match  compared  favorably  with  that  of  the  SCEMS 
package  fielded  by  Sandia  at  the  Dido  Queen  High  Fluence  Recovery 
(HFR)  station.  Excellent  long-time  stress  and  acceleration  re- 
cords were  reported  with  a 2 kbar  peak  pressure  level  for  this 
event.  The  SCEMS  canister  dimensions  are  approximately  1 meter 
long  by  30  cm  diameter  with  coupling  rings  extending  the  effec- 
tive diameter  to  approximately  66  cm  (Reference  3) . 


As  the  measurement  is  moved  closer  toward  the  source,  the 
EDS  must  be  longer,  since  it  must  necessarily  be  longer  than  the 
maximum  displacement  to  be  measured.  This  is  in  opposition  to 
other  requirements  because  the  field  gradients  are  greater  close- 
in  and  the  design  objective  is  toward  a shorter  instrument  that 
can  respond  with  the  earth  particles.  Thus,  the  length  dictated 
by  a direct  measueraent  of  earth  displacement  presents  a limita- 
tion in  the  higher  stress  levels.  The  very  large  displacements 
associated  with  the  1 or  2 kbar  region  suggest  that  some  degree 
of  viscous  damping  might  be  required  to  reduce  the  length. 

The  question  of  viscous  damping  has  been  addressed  in  a very 
cursory  manner  and  serious  consideration  awaits  the  successful 
development  of  an  undamped  version  of  the  EDS.  The  preliminary 
analysis  dealing  with  damping  that  has  been  done  is  included  as 
Appendix  A. 


CHAPTER  'S 


PERFORMANCE  TESTS 


The  EDS  was  calibrated  in  the  laboratory  at  KSC  in  two  ways. 
Free-fall  tests  in  which  the  inertial  slug  was  permitted  to  pass 
through  the  coil  tube  under  the  acceleration  of  gravity  provided 
one  type  of  calibration.  Another  method  used  was  to  drive  the 
magnet  through  the  coils  at  a measured  velocity  using  a recipro- 
cating crankshaft  drive.  Each  of  the  methods  are  described  in 
the  following  paragraphs  along  with  test  results. 

The  EDS  was  also  tested  at  Sandia  Laboratories  in  Albuquer- 
que (SI>A)  on  a vertical  drop  test  machine  that  simulated  the 
shock  pulse  predicted  for  the  free  field  installation.  Tests 
were  conducted  with  three  different  orientations  of  the  EDS  axis 
with  respect  to  the  vertical.  The  worst  case  tests  were  at  a 45 
degree  angle  and  a nominal  150  percent  of  the  predicted  peak 
axial  acceleration. 

Two  series  of  tests  were  run  at  SLA,  the  first  on  4 Juno 
1975  with  the  principle  objective  of  proof  testing  the  mechanical 
design  of  the  EDS  against  failure  in  the  extreme  shock  environ- 
ment. These  first  tests  used  the  prototype  EDS  that  was  made 
with  a polycarbonate  plastic  coil  tube.  The  coefficient  of  fric- 
tion was  measured  to  range  between  0.2  to  0.3.  Since  this  value 
was  recognized  as  being  unacceptably  high,  no  serious  effort  was 
made  to  characterize  the  gage  response  using  results  from  the 
first  test  series. 

The  second  series  of  tests  was  conducted  on  30  July  1975 
using  one  of  the  EDS  models  scheduled  for  field  tests  at  a later 
date.  Analysis  of  the  test  results  from  this  series  are  included 
in  this  chapter.  The  Crescent  gage  was  tested  simultaneously 
with  the  EDS  and  these  data  are  also  presented. 
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5.1  BENCH  TESTS 


5.1,1  Gravity  Fall-Through.  Upon  completion  of  the  EDS 
transducer  assembly,  the  output  signal  was  monitored  on  an  oscil- 
loscope while  the  inertial  slug  was  dropped  through  the  tube. 
These  tests  were  conducted  with  the  EDS  axis  oriented  at  both 
zero  and  45  degrees  from  the  vertical. 

Analysis  of  these  data  would  show  any  serious  problems  with 
slip-stick  motion  along  the  tube  length.  At  any  given  velocity 
the  analog  peak  amplitudes  are  a function  of  the  magnet  strength 
and  coil  geometry,  while  the  digital  pulse  rate  depends  on  the 
spacing  between  the  coils.  The  independent  nature  of  these  two 
signal  characteristics  allows  a sel f-cal ibration  of  the  EDS. 

Figure  5.1  shows  oscilloscope  traces  from  the  prototype 
model  EDS  taken  at  zero  and  45  degrees.  The  results  of  these 
tests  are  presented  as  an  illustration  of  the  data  reduction 
techniques  and  information  in  the  signals. 

The  graphic  data  traces  were  first  digitized  to  yield  a time 
and  voltage  amplitude  measurement  for  each  of  the  peaks.  An 
average  digital  velocity  between  peaks  was  easily  calculated 
using  the  delta  times  and  knowledge  of  the  coil  spacing.  The 
average  analog  peak  amplitude  corresponding  to  the  average  velo- 
city was  calculated  and  the  data  are  plotted  as  shown  in  Figure 
5.2.  Linear  regression  by  the  method  of  least  squares  was  used 
to  calculate  the  slope  of  this  data  plot  which  gives  the  sensi- 
tivity of  the  EDS  as  4.42  mv/cm/sec. 

Using  this  calibration  data,  the  magnet  velocity  was  calcu- 
lated for  each  amplitude  peak  and  is  shown  plotted  in  Figure  5.3. 
The  theoretical  free  fall  velocity  is  also  shown  on  the  plot  for 
reference.  Note  that  even  at  zero  degrees,  the  effects  of  fric- 
tional drag  are  evident  as  the  bearings  contact  the  tube  wall  in 
passage.  The  prototype  EDS  model  used  for  this  test  was  made 
with  polycarbonate  coil  tube  that  was  fabricated  from  four 
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KDS  at  45  dcqroos 


Vortical  qain  = 500  mv/division 
Time  base  = 50  ms/division 

Fiquro  5.1.  Oscilloscope  traces  for  qravity  fall-throuqh  tests 
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Peak  Amplitude  (A) , volts 


seqments.  The  figure  clearly  shows  the  effect  of  the  increased 
drag  as  the  inertial  slug  moves  through  each  joint. 

Displacement  data  from  those  fall-through  tests  are  plotted 
in  Figure  5.4.  As  with  the  velocity  plots,  the  ideal  calculated 
values  are  shown  assuming  the  coefficient  of  friction  is  zero  as 
the  slug  slides  through  the  coil  tube. 

The  dynamic  coefficient  of  friction  (112)  is  calculated  from 
relations  in  Appendix  C.  Solution  of  the  equation  of  motion 
(Equation  (C.l))  yields  the  result  that 

IX  /CIS 

Uo  = r - — r ^ (5.1) 

2 tana  gt*sina 

This  equation  assumes  that  \i2  is  constant  and  it  is  evident  from 
the  data  in  Figure  5.3  that  this  is  not  the  case.  However,  an 
"effective"  value  p'  may  be  defined  as  that  value  calculated  from 
Equation  (5.1)  at  any  given  time.  Figure  5.5  is  a plot  showing 
the  effective  coefficient  of  friction  u'(t)  as  a function  of  time 
(t) . It  is  noted  that  at  early  times  the  value  of  u'  is  extremely 
sensitive  to  error  in  the  time  origin  while  at  later  times  small 
errors  in  time  origin  are  relatively  unimportant.  For  example  at 
500  msec,  plus  or  minus  20  msec  variation  in  the  origin  (which  is 
absurdly  large)  changes  the  value  of  p'  from  0.22  to  0.28.  Re- 
membering that  this  value  is  somewhat  of  an  average  it  was 
clearly  seen  that  the  prototype  coil  tube  and  bearing  combination 
had  inherently  much  too  high  a coefficient  of  friction  for  satis- 
factory operation.  This  fact  coupled  with  the  segmented  con- 
struction which  was  necessary  in  a polycarbonate  tube  design 
encouraged  the  design  change  to  a single  length  of  highly  pol- 
ished aluminum  coil  tube  for  the  final  EDS  model. 

The  EDS  field  models  were  also  tested  using  gravity  fall- 
through  methods  but  the  data  were  never  digitized  since  the 
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Figure  5.5.  Effective  coefficient  of  friction  for  prototype  EDS 


exercise  was  academic  in  view  of  the  failure  in  the  field  to 
record  any  data.  The  drop  test  data  in  Section  5.2  shows  that 
further  analysis  of  the  field  models  would  be  pointless. 

5.1.2  Sinusoidal  Calibration.  A reciprocating  crankshaft 
drive  attached  to  the  EDS  magnet  was  also  used  to  measure  the 
sensitivity  of  each  coil.  This  method  allows  for  forcing  the 
magnet  through  each  coil  at  a known  velocity  without  concern  for 
frictional  drag  on  the  bearings. 

A connecting  rod  attached  to  a flywheel  at  radius  (R)  was 
used  to  furnish  a reciprocating  motion  of  the  magnet.  The  velo- 
city of  the  magner  may  be  given  as 


V = 2TTf  R cos(2Trft) 


where  f is  the  rotational  speed  in  revolutions  per  second.  When 
the  geometry  is  adjusted  so  that  maximum  velocity  occurs  as  the 
magnet  crosses  the  coil  center,  then  it  can  be  shown  that  the 
coil  sensitivity  (S^)  is 


S = V /(27rfR) 
c p 


where  V is 
P 


the  measured  peak  voltage. 


Using  this  method  of  calibration  the  individual  coil  sensi- 
tivities may  be  compared  for  differences  which  might  arise  from 
manufacturing  tolerances  or  coil  winding  errors.  Individual 
differences  may  be  readily  taken  into  account  in  the  data  reduc- 
tion process  to  improve  the  accuracy  of  calibration  if  needed. 

The  open  circuit  sensitivity  of  both  EDS  field  units  was  measured 
at  4.79  mv/ cm/sec  using  this  method  of  calibration  at  a velocity 
of  142  cm/sec. 
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This  sensitivity  is  slightly  different  from  the  prototype 
because  of  dimensional  changes  in  the  coil  design.  A last  minute 
change  in  calibration  was  caused  by  overheating  the  magnets  dur- 
ing final  assembly.  A heat-curing  epoxy  was  used  and  malfunction 
of  an  oven  temperature  controller  caused  the  magnets  to  be  heated 
to  an  estimated  500°C  which  resulted  in  a 20  percent  loss  of  sen- 
sitivity. Time  schedules  did  not  permit  recalibration  with  the 
reciprocating  drive  and  the  EDS  final  calibration  was  determined 
by  the  self  calibrating  method  described  in  Section  5.1.1. 

5.2  SHOCK  TESTS 

The  objective  of  the  drop  test  effort  was  to  evaluate  the 
EDS  system  when  subjected  to  laboratory  controlled  shock  en- 
vironments which  provided  a simulation  of  the  free-field  environ- 
ments in  which  the  EDS  was  expected  to  operate. 

As  in  most  simulation  test  programs,  it  was  virtually  im- 
possible to  reproduce  all  aspects  of  the  EDS  free-field  environ- 
ment. However,  due  to  the  strong  dependence  of  EDS  response  on 
coulomb  frictional  coupling  it  seemed  reasonable  to  reproduce  the 
acceleration  time  histories  expected  in  the  free  field.  This  was 
accomplished  with  a drop  test  experiment  in  which  the  test  mass 
(m^) , which  includes  EDS,  fixturing,  and  drop  table,  impacted  a 
linear  receiver  spring  at  a predetermined  velocity  level  (X^) 

(see  Figure  5.6).  For  a linear  system,  where  the  EDS  slug  mass 
is  negligible  compared  to  the  overall  test  mass,  the  resultant 
deceleration  pulse  may  be  approximated  as  a half  sine  wave.  By 
proper  choice  of  the  receiver  pad  and  impact  velocity  the  magni- 
tude and  duration  of  this  half  sine  pulse  was  tailored  to  match 
the  magnitude  and  duration  of  the  initial  (and  most  significant) 
free-field  radial  acceleration  pulse. 

In  order  to  sim.ulate  correct  pulse  durations  for  these  two 
free-field  conditions,  the  frequency  (f)  of  the  total  mass  and 
receiver-spring  system  must  satisfy  the  relation: 
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Given  the  total  test  mass,  (m^) » the  required  spring  rate  (k)  of 
the  receiver  may  be  readily  determined  as: 


In  practice,  the  combination  of  drop  height  and  pad  material  and 
thickness  are  established  empirically  before  each  test. 

The  vertical  drop  test  machine  (DT-l)  at  the  SLA  Shock  Test 
Facility  was  selected  to  perform  the  environmental  tests  of  the 
EDS.  It  was  necessary  to  provide  a massive  holding  fixture  for 
the  EDS  to  support  the  entire  length  of  the  transducer  during 
off-axis  acceleration.  Three  test  angles  were  desired:  zero, 
26.57,  and  45  degrees.  The  purpose  of  inclining  the  EDS  was  to 
determine  its  sensitivity  to  simulated  transverse  free-field 
acceleration  pulses.  The  test  angles  correspond  to  transverse- 
to-axial  acceleration  ratios  of  zero,  0.5,  and  1.0. 

Figure  5.7  is  an  assembly  drawing  of  the  fixture  that  was 
designed  to  hold  the  EDS  and  facilitate  tests  at  the  desired 
angles.  The  fixture  is  seen  installed  in  the  vertical  drop  test 
machine  (DT-l)  in  Figure  5.8.  Total  weight  of  the  drop  table  and 
fixture  was  approximately  1200  kilograms.  To  minimize  the  drop 
height  required,  bungee  cords  are  used  to  accelerate  the  table, 
providing  initial  acceleration  values  of  up  to  15  g.  These 
rubber  band  cords  may  be  seen  in  Figure  5.8  with  three  attached 
to  each  corner  of  the  table. 

5.2.1  Series  I Drop  Tests.  Two  test  series  were  conducted 
at  the  SLA  Shock  Test  Facility:  the  first  series  (4  June  1975) 


86 


Figure  5.7.  EDS  drop  test  fixture. 
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serving  as  a shakedown  to  check  out  test  procedures  and  instru- 
mentation. Also,  the  rigidity  and  shock  survivability  of  the  EDS 
canister  and  drop  test  fixture  were  proof  tested. 

The  test  was  instrumented  with  three  accelerometers  and  a 
pre-impact  table  velocity  system  for  diagnostic  measurements  of 
the  input  stimulus  to  the  EDS.  Two  hand-picked  accelerometers 
furnished  by  the  transducer  evaluation  laboratory  at  SLA  were 
quartz  piezoelectric  types  (Kistler  805)  that  had  a knov/n  history 
of  stability  and  reliability.  These  select  transducers  were 
mounted  biaxially  on  the  EDS  test  fixture  to  measure  the  axial 
and  transverse  accelerations.  The  third  transducer  mounted  to 
the  drop  table  for  measurement  of  the  vertical  acceleration  pulse 
was  a ceramic  piezoelectric  type  (Endevco  2225) . Overall  cali- 
bration accuracy  for  the  table  acceleration  measurement  system 
was  within  15  percent  while  the  two  specially  selected  units 
improved  this  number  to  five  percent  measurement  accuracy. 

The  table  velocity  measurement  was  made  with  a photo- 
optical  light  beam  system  with  an  interrupter  bar  mounted  on  the 
drop  table.  An  electronic  circuit  provided  a pulse  output  for 
each  time  the  light  beam  was  interrupted  by  the  plastic  bar  with 
an  opaque  pattern  photo-chemically  etched  on  its  surface.  The 
length  of  this  plastic  interrupter  was  limited  to  around  15  cm 
because  the  severe  shock  environment  would  tend  to  snap  the  ends 
from  longer  sections.  Thus,  this  system  provided  just  a few 
pulses  suitable  only  for  measurement  of  table  pre-impact  velocity. 

The  prototype  EDS  used  for  Series  I was  known  to  have  an 
unacceptably  large  coefficient  of  friction  (0.3)  hence,  only 
quick  look  evaluation  of  the  data  was  pursued.  None  of  the  test 
is  presented  in  this  report  since  Series  II  has  superseded  the 
earlier  tests.  Test  environments  ranged  from  a minimum  of  80  g 
up  to  400  g peak  at  the  highest  test  level.  Test  angles  of  zero, 
26.57,  and  45  degrees  were  used  with  a total  of  six  successful 
drops . 


Procedures  and  methods  developed  during  Series  I were  in- 
valuable to  the  success  of  Series  II  which  was  to  follow.  Per- 
haps the  most  important  lesson  learned  was  that  the  accelerometer 
data  was  contaminated  with  shock  induced  cable  noise  that  pre- 
cluded long  term  integration  of  the  records  to  determine  table 
velocity  and  displacement  time  histories.  Since  the  EDS  was  de- 
signed to  measure  these  parameters,  this  left  us  with  no  record 
of  the  input  stimulus  to  correlate  with  the  EDS  indicated  mea- 
surement. The  method  used  to  measure  the  velocity  and  displace- 
ment in  Series  II  is  described  in  Section  5.2.2. 

In  addition  to  the  above,  the  shock  survivability  of  both 
the  EDS  and  the  test  fixture  was  proven.  These  were  not  of 
trivial  importance  because  any  mechanical  design  defects  of  a 
structural  nature  could  have  been  corrected  in  the  field  models 
whose  fabrication  had  been  delayed  to  await  results  of  the  shock 
tests.  Also,  the  design  of  the  drop  test  fixture  could  have 
given  rise  to  mechanical  resonances  or  structural  failure  that 
would  require  an  alternate  design  or  modification  to  enable  a 
meaningful  test. 

5.2.2  Series  II  Drop  Tests.  The  second  series  of  tests  was 
conducted  on  30  July  1975  using  one  of  the  EDS  models  scheduled 
for  field  installation  later.  The  coefficient  of  friction  using 
an  aluminum  coil  tube,  still  not  improved  as  much  as  expected, 
measured  between  0.10  and  0.16. 

Two  significant  changes  in  the  test  plan  were  implemented 
for  the  second  series  of  drop  tests:  a direct  measurement  of  the 
drop  table  displacement  was  made  and  a Crescent  velocity  gage  was 
tested  simultaneously  with  the  EDS. 

The  table  displacement  was  measured  directly  because  it  was 
found  during  the  first  series  that  double  integration  of  the 
table  accelerometer  was  unsatisfactory  for  computing  table  dis- 
placements at  late  times. 
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The  Crescent  gage  has  a history  of  questionable  performance 
on  some  past  field  tests.  It  was  therefore  included  in  the 
second  series  of  drop  tests  in  an  effort  to  duplicate  the  inter- 
mittent characteristic  experienced  in  the  past.  Descriptions  of 
the  Crescent  gage  and  drop  tests  are  presented  along  with  test 
procedures,  results,  and  analysis  in  Section  5.2.4  which  follows 
later  in  this  chapter. 

The  decision  to  test  the  Crescent  velocity  gage  in  parallel 
with  the  EDS  necessitated  a modification  to  the  drop  test  fix- 
ture. An  adapter  for  holding  the  Crescent  gage  was  fabricated 
and  welded  along  a gusset  of  the  test  fixture  as  indicated  in 
Figure  5.7.  This  location  displaced  the  Crescent  gage  axis  about 
7 cm  from  that  of  the  EDS.  Owing  to  the  small  size  of  the  Cre- 
scent gage  and  the  massive  proportions  of  the  test  fixture,  this 
unbalance  did  not  cause  any  problems. 

The  test  matrix  for  Series  II  as  it  was  executed  is  shown  in 
Table  5.1.  X is  the  nominal  axial  component  of  acceleration. 

Four  drops  have  been  selected  for  discussion  and  analysis  in  this 
chapter;  the  EDS  data  from  100  g tests  at  zero  and  45  degrees  and 
the  Crescent  gage  data  from  300  g tests  at  the  same  angles.  The 
raw  data  for  the  300  g drops  are  indexed  in  Table  5.2  and  pre- 
sented in  Figures  5.9  through  5.18.  Results  and  analysis  of 
these  data  are  given  in  Sections  5.2.3  (EDS)  and  5.2.4  (Crescent). 

An  optical  system  using  a light  beam  interrupter  was  de- 
scribed earlier  which  provided  a measure  of  pre- impact  table 
velocity  for  Series  I.  To  measure  total  table  displacement  in 
Series  II,  it  was  decided  to  extend  the  length  of  the  light 
chopper  bar  to  cover  the  total  excursion  of  the  table  during  the 
relevant  test  interval.  This  was  accomplished  by  replacement  of 
the  shoclt-vulnerable  brittle  plastic  in  use  with  an  aluminum  bar 
that  had  slots  accurately  milled  through  to  provide  windows  for 
the  light  beam.  The  active  length  of  the  bar  was  46  cm.  Another 
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Table  5.1.  EDS  test  matrix 


Series  II. 


Test  Angle  (a) 
(degrees) 


Peak  Acceleration  (X) 
100  150  300 


0 


E,C  E,C 


26.57 


E E 


45 


E,C  E E,C 


E = EDS 
C = Crescent 
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Table  5.2.  Test  data  index 


Gage  ^ 

Figure  No.  Identification  Peak  Angle  (a) 

(g)  (degrees) 


5.9 

EDS 

300 

0 

5. 10 

Crescent 

300 

0 

5.11 

A-1 

300 

0 

5. 12 

A-2 

300 

0 

5.13 

A- 3 

300 

0 

5.14 

EDS 

300 

45 

5.15 

Crescent 

300 

45 

5.16 

A-1 

300 

45 

5.17 

A-2 

300 

45 

5.18 

A-3 

300 

45 

^ A-1  - Table  accelerometer 
A- 2 - Axial  accelerometer 
A- 3 - Transverse  accelerometer 


I 
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Figure  5.9.  EDS  signal,  300  g at  zero  degrees. 


rrescent  signal,  300  g at  zero  degrees. 
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Figure  5.15.  Crescent  signal,  300  g at  45  degrees. 
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Figure  5.16.  Table  accelerometer  (A-1)  signal,  300  g at  45  degrees. 
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Figure  5.17.  Axial  accelerometer  (A-2)  signal,  300  g at  45  degrees. 
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Figure  5.18.  Transverse  accelerometer  (A-3)  signal,  300  g at  45  degrees. 


modification  to  the  velocity  measuring  system  was  the  shock  iso- 
lation of  the  photo-optical  sensor  head  and  electronics.  An  ac- 
celerometer was  installed  on  the  detector  arm  to  sense  any 
motion  that  would  distort  the  measurement. 

Special  attention  was  given  to  routing  and  securely  taping 
the  signal  cables  to  the  test  fixture  to  minimize  the  shock 
induced  noise  in  the  accelerometer  data. 

Twelve  drops  were  conducted  in  Series  II  of  which  seven  were 
successful.  The  others  were  upset  by  problems  such  as  acceler- 
ometer failure,  shorted  cables  and/or  excessive  shock  induced 
cable  noise. 

5.2.3  EDS  Test  Results  and  Analysis.  The  EDS  data  pre- 
sented and  analyzed  in  this  section  is  representative  of  that 
from  any  of  the  drops.  The  100  g tests  were  chosen  because  the 
data  shows  that  the  EDS  response  is  unsatisfactory  even  at  the 
lower  levels  tested.  The  zero  and  45  degree  angles  bracket  the 
range  for  alpha. 

Since  the  drop  tests  were  conducted  in  a gravity  field,  the 
output  from  the  EDS  does  not  directly  indicate  the  axial  compo- 
nent of  the  canister  motion.  It  is  remembered  that  the  output  is 
a measure  of  relative  motion  between  the  inertial  slug  and  the 
canister.  If  we  denote  the  canister  motion  as  CAN,  the  slug  mo- 
tion as  SLUG  and  the  EDS  output  as  EDS  we  can  state  that 

EDS  = CAN  - SLUG  . (5.2) 

These  notations  are  general  in  that  they  may  refer  to  either  dis- 
placement or  velocity.  The  desired  measurement  is  obviously  the 
canister  motion  (CAN)  after  the  slug  breakaway  which  is  assumed 
to  occur  a negligibly  small  delay  after  contact  between  the  drop 
table  and  the  receiver  pad. 
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Neglecting  the  effects  of  friction  for  a moment,  after 
breakaway  of  the  slug  from  the  canister  restraining  clip,  the 
slug  motion  is  described  by 

Vg  = (v^  + gt)  cosa : velocity  (5.3) 

d = (d  + gt^/2)  cosa:  displacement  (5.4) 

s o 

where  and  d^  refer  to  initial  conditions  at  breakaway. 

For  analysis  of  the  drop  test  data  a frame  of  reference  was 
chosen  such  that  v is  the  table  contact  velocity  zero  table  dis- 
placement  occurs  at  contact  (d^  equals  zero) . The  canister 
motion  is  synonomous  with  table  motion  which  was  measured  with  an 
optical  chopper.  Reduction  of  the  digitized  EDS  measurements  was 
accomplished  by  solution  of  the  equations  derived  from  solving 
Equation  (5.2)  for  CAN  and  substitution  of  Equations  (5.3)  and 
(5.4)  for  SLUG.  For  a detailed  definition  of  the  procedure  used, 
accounting  for  frictional  effects  and  slug  breakaway,  the  reader 
is  directed  to  Appendix  C. 

The  photo-optical  table  velocity/displacement  system  (chop- 
per) served  the  purpose  very  well  giving  excellent  data  as  seen 
in  Figures  5.19  and  5.20.  The  table  accelerometer  (A-1)  was 
satisfactorily  integrated  and  is  plotted  along  with  the  chopper 
data  on  the  graphs.  As  an  aside,  the  accelerometers  A-2  and  A-3 
were  only  marginally  useful  for  integration  due  to  shock  induced 
cable  noise  and  zero  shifts.  At  300  g,  none  of  the  accelerometer 
records  were  suitable  for  integration  over  the  duration  of  the 
test.  However,  it  will  be  seen  in  Section  5.2.4  that  excellent 
agreement  was  obtained  by  integration  of  A-1  for  times  less  than 
20  to  30  milliseconds  after  impact.  Large  zero  shifts  on  the 
order  of  perhaps  25  percent  were  common  on  the  high  level  tests. 
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The  data  in  Figures  5.21  and  5.22  speaks  for  itself.  These 
figures  are  the  velocity  and  displacement  plots  for  the  table 
motion  seen  earlier  but  with  the  indicated  motions  from  reduction 
of  the  EDS  output  signals.  The  correlation  shows  answers  ob- 
tained by  assumptions  of  different  values  for  the  coefficient  of 
friction  (i.)  ranging  from  zero  to  0.5. 

Other  parametric  studies  were  explored  in  an  effort  to  ac- 
count for  the  poor  correlations  noted.  These  will  not  be  pre- 
sented but  rather  the  statement  that  time  shifts,  sensitivities, 
and  initial  conditions  were  varied  with  no  success.  It  is  evi- 
dent that  any  correction  procedure  that  gives  acceptable  correla- 
tion with  the  input  would  require  an  inordinately  large  value  of 
11  that  is  an  unknown  function  of  some  unknown  variables. 

It  is  speculated  that  the  coil  tube  may  have  been  shock  ex- 
cited into  vibration  that  was  not  successfully  damped  by  the  RTV 
in  which  it  was  potted.  The  short  stubby  axial  length  of  the 
inertial  slug  along  with  loose  tolerances  between  the  bearings 
and  the  coil  tube  probably  aggravated  a tendency  to  rattle  as  it 
traversed  the  length  of  the  ED.^ . Another  consideration  is  the 
effect  from  magnetic  attraction  to  the  closest  point  of  the  steel 
outer  case  of  the  coil  tube  assembly.  An  eccentricity  in  the 
geometry  would  give  rise  to  an  unbalanced  attraction  which  natu- 
rally could  vary  during  the  motion  of  the  slug. 

Conclusions  from  the  evaluation  tests  are  that  the  EDS  has 
not  been  developed  to  a state  where  it  is  suitable  for  measure- 
ment of  velocity  and  displacement  in  the  severe  shock  environment 
toward  which  this  development  has  been  directed. 

Other  observations  from  the  drop  test  experiments  are  that 
the  photo-optical  chopper  is  an  excellent  low  cost  means  for 
measurement  of  velocity  and  displacement  for  such  a test.  Ex- 
perience with  the  accelerometers  seems  to  indicate  that  high 
impedance  cables  should  be  protected  from  shock  during  the 
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Displacement,  cm  Velocity,  m/sec 


Figure  5.21. 


EDS  output  for  the  zero  degree,  100  g drop  test. 


109 


>.  1 

4J 

u 

° 0 


J 

c 

0) 

e , 

o 

(0 

D.  0 

w 


V ^ 

X 

1- 

1 

1 

i . 

i J 

, \ 

\ 

o 

a 0. 3 

y 0 . 4 

o ' 

1 

h 1 . . 

r 1 

1 

i 

1 

X 0.^ 

(it 

0 10  20  30  40  50  60  70  80  90  100  110  120 

Time,  msec 

Figure  5.22.  EDS  output  for  the  45  degree,  100  g drop  test. 
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measurement  period.  Although  this  was  not  tested,  it  is  expected 
that  the  situation  would  have  improved  if  accelerometers  with 
integral  impedance  converters  (source  followers)  had  been  used. 

Tlie  lower  impedance  level  would  make  the  tr iboelectr ic  noise  sig- 
nals from  the  cable  insignificant. 

5.2.4  Crescent  Gage  Tests  and  Analysis.  The  Crescent 
velocity  gage  has  been  utilized  frequently  in  the  last  several 
years  for  measurements  of  ground  motion  on  numerous  DNA  sponsored 
experiments.  The  past  experience  has  been  that  sometimes  it 
apparently  performed  satisfactorily  while  at  other  times  it  would 
exhibit  an  unexpected  intermittent  slip-stick  action. 

This  transducer  was  manufactured  by  Crescent  Technology  of 
Newport  Beach,  California  for  and  to  the  specifications  of  Physics 
International  Company  of  San  Leandro,  California.  A detailed 
description  of  the  Crescent  gage  is  given  in  References  9,  10, 
and  11  along  with  records  of  data  taken  on  various  experiments. 

A photograph  of  the  test  gage  is  seen  in  Figure  5.23. 

Reference  11,  "Ground  Motion  Measurements",  Operation  Dia- 
mond Dust  is  particularly  interesting  in  the  context  of  this  re- 
port because  in  addition  to  an  excellent  description  of  the  gage, 
the  records  are  seen  to  appear  distorted  by  the  slip-stick  action 
mentioned  earlier.  Figure  5.24  is  given  here  as  a typical  ex- 
ample of  the  questionable  data. 

In  an  effort  to  better  understand  the  cause  of  this  type  of 
response,  the  Crescent  gage  was  incorporated  into  the  Series  II 
drop  tests  at  SLA.  It  was  expected  that  sticking  could  be  in- 
duced and  further  studied  to  learn  how  to  eliminate  it  for  future 
use.  In  this  context,  it  can  be  stated  that  the  drop  tests  were 
inconclusive  with  regard  to  the  Crescent  gage. 

The  gage  was  tested  with  no  lubrication  of  any  kind  on  the 
magnet  slug,  planning  to  later  use  molybdenum  disulfide  dri-film 
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’ ubr  j 'n*-  after  sticking  had  been  induced.  At  the  highest  test 
lev'  I ^xial  peak  acceleration  and  a 45  degree  test  angle 

the  could  not  be  induced.  The  test  was  repeated  with 

stil]  5,  thus,  the  M0S2  was  never  used  and  the  Crescent 

tests  abandoned. 

The  reduced  data  from  the  drop  tests  at  300  g are  presented 
and  discussed  in  the  paragraphs  that  follow. 

Calibration  of  the  Crescent  gage  was  effected  by  permitting 
the  slug  to  fall  through  the  coil  assembly  at  an  angle  of  zero 
degrees.  Assuming  the  effects  of  friction  to  be  negligible,  the 
voltage  rate  of  change  AV  is  related  to  the  acceleration  due  to 
gravity  by  the  equation 


AV 

At 


g • S 


where  S is  the  sensitivity  of  the  gage. 

Using  this  method,  S was  measured  as  7.4  mv/cm/sec  at  KSC 
prior  to  the  SLA  drop  tests. 

Since  the  Alnico  rod  magnetized  to  its  ultimate  level  is 
sensitive  to  shock,  the  calibration  was  repeated  before  and  after 
each  drop  test  for  evidence  of  desensitization  of  the  magnet. 
Study  of  these  freefall  tests  showed  that  if  any  changes  did 
occur,  they  were  not  perceptable  above  the  noise  in  the  recorded 
data . 

The  output  signals  seen  in  Figures  5.10  and  5.15  were  inte- 
grated and  are  seen  in  Figure  5.25.  As  a check  on  the  calibra- 
tion the  sensitivity  was  also  calculated  for  this  integration 
with  a knowledge  that  the  stroke  of  the  slug  was  13  cm.  This 
distance  yields  a value  of  S equals  7.68  mv/cm/sec  which  is  the 
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Figure  5.25.  Integrated  Crescent  gage  output  signals,  300  g at  zero  and  45  degrees 


value  used  in  this  data  reduction  as  it  is  felt  to  be  the  more 
correct  number. 

The  data  reduction  procedure  is  exactly  analogous  to  that 
given  in  Section  5.2.3  with  regard  to  the  table  velocity,  frame 
of  reference,  and  accounting  for  gravity  effects. 

Results  of  the  Crescent  gage  300  g tests  are  shown  in  Fig- 
ures 5.26  and  5.27.  No  effort  was  made  to  correct  for  the  ef- 
fects of  frictional  drag  on  these  data.  It  is  seen  that  at  zero 
degrees,  these  effects  are  negligible  and  the  excellent  correla- 
tion with  table  motion  is  within  the  accuracy  of  the  measurement. 
Frictional  effects  are  evident  on  the  45  degree  test  as  one  would 
expect . 

The  coefficient  of  friction  (ij)  was  measured  at  0.62  using 
the  gravity  fall  through  test  described  in  Section  5.1.1  (Ref- 
erence Equation  (5.1)).  In  desk  top  experiments,  by  carefully 
elevating  one  end  of  the  gage  to  determine  the  angle  of  repose, 
the  breakaway  u was  measured  to  range  from  0.3  to  0.4.  A reason 
for  the  wide  range  of  value  for  u is  the  relatively  rough  finish 
on  the  sliding  surfaces.  One  can  readily  sense  a variable  pres- 
sure on  the  fingertip  as  the  slug  is  pushed  slowly  through  the 
Crescent  gage  core. 

With  these  test  results  and  considerations  in  view  it  seems 
doubtful  whether  or  not  the  Crescent  gage  would  be  any  better 
than  an  accelerometer  for  long  term  measurements  of  ground  mo- 
tion. The  Crescent  gage  tested  did  very  well  if  the  only  ac- 
celeration is  axial.  Reference  to  the  45  degree  test  results  in- 
dicates that  a significant  error  could  be  expected  at  late  times. 


CHAPTER  6 


HUSKY  PUP  UGT 


The  two  EDS  units  fielded  on  event  Husky  Pup  yielded  no  use- 
ful displacement  or  velocity  information.  The  reason  for  the 
total  failure  of  both  channels  can  only  be  speculated  without 
access  to  the  EDS  units  for  post-mortem  inspection.  After  a 
studied  analysis  of  the  situation  it  appears  that  the  most  likely 
cause  of  failure  is  a pressure  leakage  path  into  the  EDS  interior 
through  a hole  in  the  cable  overjacket.  This  design  deficiency 
is  discussed  in  some  detail  in  Chapter  4,  Section  4.2.2. 

As  a consequence  of  the  total  loss  of  information  from  both 
channels,  many  otherwise  important  aspects  of  the  fielding  are  of 
academic  interest  and  are  not  reported  in  any  detail. 

6.1  INSTALLATION 

Two  EDS  systems  were  fielded  by  KSC  on  event  Husky  Pup  for 
measurement  of  free-field  radial  particle  displacement.  The  two 
gages  were  installed  in  20  cm  diameter  drill  holes  MD-1  and  MD-2 
at  locations  shown  in  Figure  6.1.  The  gage  located  at  the  137 
meter  range  in  MD-1  was  installed  according  to  plan.  The  geolo- 
gical media  was  sound  and  the  grout  was  pressurized  to  80  N/cm^ . 

The  close-in  EDS  emplacement  was  planned  to  be  at  a 95  meter 
range.  The  plan  was  to  locate  the  sensor  ahead  of  the  perturba- 
tion to  the  free  field  that  the  DNA  Auxiliary  Closure  (DAC)  No.  2 
crossdrift  would  introduce.  Obstructions  in  the  MD-2  drill  hole 
prevented  this  and  the  EDS  was  finally  located  at  104  meters  as 
shown  in  Figure  6.1.  The  tunnel  wall  was  not  geologically  sound 
in  the  region  of  MD-2  and  attempted  pressurization  of  the  grout 
resulted  in  blowout  of  a large  section  of  the  wall.  Subsequently 
the  grout  was  pressurized  at  25  to  30  N/cm^ . 
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It  was  learned  that  the  most  desirable  qrout,  from  an  impe- 
dance and  strength  viewpoint,  could  not  be  used  because  of  pump- 
ing constraints.  Consequently,  qrout  mixture  HPNS-2  was  substi- 
tuted as  an  alternate. 

Two  regions  in  which  the  cables  are  especially  vulnerable  to 
damage  are  recognized  as  (1)  immediately  behind  the  EDS  as  the 
cable  exits  from  the  canister  and  (2)  at  the  tunnel  wall  inter- 
face. Cable  protection  in  the  first  region  was  covered  by  the 
transition  on  the  EDS  as  well  as  the  convoluted  aluminum  tubing 
extending  behind  the  canister.  At  the  wall  interface  flexible 
conduit  was  slipped  over  the  cable  from  about  10  feet  into  the 
drill  hole  and  up  to  the  rigid  conduit  that  crossed  under  the 
tracks  on  the  tunnel  floor. 

Resistance  readings  before  and  after  energizing  the  sole- 
noids were  unchanged,  indicating  a malfunction  of  the  EDS  priming 
mechanism.  Prior  to  energizing  the  solenoids,  EDS-1  at  the  104 
meter  station  indicated  that  the  inertial  slug  was  not  properly 
seated.  This  syndrome  would  be  expected  if  grout  fluid  had 
leaked  into  the  EDS  interior  during  the  grouting  operation. 

6.2  RESULTS 

The  outputs  of  the  EDS  channels  were  recorded  by  KSC  on  a 20 
kHz  bandwidth  tape  recording  system  as  a piggyback  project  in 
conjunction  with  another  fielding  effort  by  KSC.  No  data  was  re- 
corded from  either  gage  that  could  be  interpreted  as  a meaningful 
displacement  measurement. 

Analysis  of  the  noise  signature  on  the  recorded  EDS  channels 
gives  encouragement  that  the  cables  survived  for  several  hundred 
milliseconds.  This  provides  a level  of  confidence  that  the 
transition  and  other  protective  measures  for  the  cable  functioned 
properly . 
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6 . 3 COMMENTS 


The  failure  to  record  any  data  from  either  channel  is  natu- 
rally a big  disappointment.  However,  it  was  known  prior  to  the 
event  day  that  the  EDS  was  not  a fieldworthy  instrument,  based  on 
analysis  of  the  shock  test  data.  Installation  schedules  did  not 
permit  this  determination  before  the  commitment  to  field.  In 
defense  of  the  schedule  it  should  be  said  that  extrapolation  of 
the  design  from  TRIM  to  EDS  was  not  expected  to  pose  the  problems 
actually  encountered. 

A major  obstacle  was  found  to  be  in  the  fabrication  of  the 
long  coil  tube  with  the  degree  of  precision  required  to  keep  the 
coefficient  of  friction  low  enough  for  a useful  gage.  This 
stands  as  the  primary  engineering  problem  to  be  faced  in  develop- 
ment of  a useful  EDS. 


122 


CHAPTER  7 
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APPENDIX  A 


ANALYSIS  OF  EDS  WITH  DAMPING 


A.l  INTRODUCTION 

This  appendix  contains  analysis  of  the  EDS  with  viscous 
damping.  Two  preliminary  investigations  are  included  and  felt  to 
bo  pertinent  to  this  report  although  a damped  version  was  never 
made.  The  first  analysis,  Section  A. 2 is  by  Dr.  B.  A.  Harten- 
baum,  Research  and  Development  Associates  (RDA) , and  Dr.  Roy  A. 
Shunk,  Electromechanical  Systems,  Inc.,  and  has  been  extracted 
from  a memo  to  Major  B.  Ellis,  Field  Command,  DNA  dated  9 June 
1975.  The  second  analysis  performed  by  R.  E.  Keeffe,  KSC,  is 
contained  in  Section  A.l. 

A. 2 ANALYSIS  BY  HARTENBAUM  AND  SHUNK 

A. 2.1  Purpose  of  Analysis.  To  determine  the  damping  co- 
efficient and  the  step  (frequency)  response  of  the  gage  (Section 
A. 2. 2);  to  preser t the  technique  for  unfolding  data  from  the  gage 
output  (Section  A. 2. 3);  and  to  present  an  illustrative  example 
(Section  A. 2 . 4 ) . 

A. 2. 2 Mathematical  Model.  Consider  a horizontal  friction- 
less shuttle  acted  on  by  velocity  proportional  damping  (Figure 
A.l).  The  shuttle  is  initially  at  rest  at  the  far  end  of  the 
tube  (away  from  the  shot  point).  A step  velocity  i equals  V^H(t) 
is  applied  to  the  case.  The  motion  of  the  shuttle  is  given  by 

mx  + c(x-4)  =0 


where  m is  the  mass  of  the  shuttle  and  c is  the  damping  constant. 
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Let 


y = X - z 

and 

n = c/m 

Then 

y 4 jy  = - V^6 (t) 

The  solution  is 


displacement 


y = - V e : velocity 

o ■' 

To  make  dampinq  worthwhile,  the  damping  should  allow  the 
qaqe  length  to  be  decreased  to  at  least  1/4  of  the  ground  dis- 
placement; i.e.,  L equals  z /4.  At  the  maximum  displacement 

max 

y = 0 

Thus 
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For  a typical  case: 


material 

yield 

range 

velocity 

displacement 


wet  tuff 
10  KT 

260  feet  (79  meters) 

30  ft/s  (9.1  m/sec) 

4 feet  (1.2  meters)  , 


the  damping  coefficient,  a,  must  have  the  value  29.40  sec 


However,  the  velocity  signal  from  the  gage  is 


= - V exp 
o 


I- 

\ 0.034 


where  the  time  constant  is  34  msec.  The  transform  of  the  velo- 
city is 

V 

T O 

y = - 

■'  p + n 

so  the  lower  3 dB  point  is  4.7  Hz,  which  is  rather  high  for 
underground  testing. 

The  error  in  directly  reading  the  displacement  from  the  gage 
output  is 

Az  =(r4-7r)Ay- 

where  y'  equals  L minus  y and  Ay'  is  the  uncertainty  in  the  gage 
output.  For  discrete  coils  wrapped  at  one  inch  (2.54  cm)  inter- 
vals as  proposed  by  KSC  the  error  can  be  considerable  (see  Figure 
A.  2)  . 
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A.  2.  2 Data  Compensation.  Because  the  damfsinq  has  destroyed 
the  direct  read-out  capabilities  of  the  qaqe,  the  displacement 
and  velocity  must  bo  inferred  via  manipulation  of  the  measurand. 
The  necessary  operations  can  be  determined  from  the  equation 
describinq  the  case  motion  in  terms  of  the  gaqe  output, 

z = - y - ay 

Before  proceeding,  we  remark  that  the  preceding  discussion 
is  generalized  in  this  section  by  allowing  the  input  waveform  to 
be  arbitrary,  by  placing  both  the  shuttle  and  case  coordinates 
initially  at  the  origin  and  allowing  the  case  to  have  an  arbi- 
trary length  provided  the  case  is  long  enough  to  prevent  bottom- 
ing of  the  shuttle.  The  velocity  of  the  case  is  expressed  as 

z = - y - ay 

Thus,  at  any  instant  the  velocity  must  be  corrected  by  the  second 
term  on  the  right  hand  side  of  the  equation.  The  displacement  of 
the  case  is  given  by 


z 


y 


• t 

ay  dt 
o 


A correction  term  which  is  the  integral  of  the  gage  output 
must  be  added  to  the  gage  output  to  infer  the  true  displacement 
of  the  case.  The  accuracy  with  which  the  unfolding  process  can 
be  done  depends  (within  the  assumptions  of  the  analysis)  on  know- 
ledge of  the  damping  coefficient,  the  transit  time  of  the  shuttle 
through  a coil,  and  the  response  of  the  coil  circuitry.  Otfier 
factors,  not  considered  in  the  above  analysis,  may  also  affect 
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the  unfoldinq  process.  These  include  friction,  tilt  in  the 
gravitational  field,  and  cross  axis  loading.  A complete  dis- 
cussion of  unfolding  is  beyond  the  scope  of  this  note,  but  one  of 
the  authors  has  successfully  used  integral  correction  technifjues 
to  unfold  data  from  underground  and  other  explosive  tests. 

A . 2 . 4 Example . As  an  illustration  of  the  shuttle-gage 
output  and  the  magnitude  of  the  integral  correction  required  to 
infer  the  displacement,  consider  the  following  example.  The 
input  velocity  is  a ramp  for  0 i t £ 0.01  second  and  thereafter 
an  exponential  decay  with  an  e- folding  time  of  0.2  second.  The 
peak  velocity  is  9.1  m/sec.  The  gage  damping  coefficient  is  40 
sec"',  which  allows  the  gage  length  to  be  20  percent  of  the  true 
displacement  of  the  case.  The  true  displacement  is  plotted  as  a 
solid  line  in  Figure  A. 3 while  the  quasi-digital  output  of  the 
gage  is  denoted  by  o.  The  area  under  a curve  fitted  through  the 
o's  multiplied  by  ■«  (40  in  this  example)  is  the  correction  term 
needed  to  obtain  the  displacement. 

A. 2. 5 Conclusions.  Various  schemes  can  be  devised  to 
counter  problems  associated  with  a shuttle-type  gage.  We  have 
explored  but  a few  solutions  to  a small  number  of  problems.  An 
undamped  gage  gives  an  output  that  is  directly  proportional  to 
velocity  and  displacement,  but  the  gage  is  overly  long  and  quite 
similar  in  operating  principle  to  the  Crescent  gage  which  has 
often  malfunctioned  in  underground  tests.  To  decrease  the  length 
of  the  gage  (and  perhaps  alleviate  stiction)  velocity  propor- 
tional damping  can  be  added  to  the  shuttle  action.  However,  this 
solution  creates  another  problem;  namely,  correction  terms  that 
are  often  quite  substantial  must  be  added  to  the  velocity  and 
displacement  signals.  The  gage  is  no  longer  direct  reading  for 
either  velocity  or  displacement.  In  particular,  the  displacement 
measurement  requires  that  the  gage  output  be  integrated  to  obtain 
the  displacement. 
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Displacement , 


0 0.05  0.1  0.15  0.2  0.25 


Time,  sec 


Figure  A. 3.  Comparison  of  true  displacement  with  shuttle  output 
Ramp  velocity  input  for  0 i t < 0.01  second.  Ex- 
ponential decay  with  e- folding  time  of  0.2  second 
for  t ■ 0.01  second.  Peak  velocity:  9.1  m/sec. 
Shuttle  damping  coefficient:  40  sec”’.  o denotes 
gage  output. 


Direct  readinq  velocity  gaqes  are  currently  in  use.  Of  what 
advantage  is  a damped  shuttle  gage  which  requires  a correction  to 
be  made  to  the  output  to  obtain  velocity  and  an  integration  to  be 
made  to  obtain  displacement? 

A. 3 ANALYSIS  BY  KEEFFE 

The  implementation  of  viscous  damping  in  the  EDS  has  been 
suggested  as  a method  for  decreasing  gage  length  while  maintain- 
ing the  capability  of  measuring  large  displacements.  Initial  KSC 
thoughts  on  this  concept  are  summarized  below. 

A. 3.1  Analytic  Predictions.  The  addition  of  a linear  vis- 
cous damping  term  to  the  analytics  used  to  predict  EDS  response 
to  NTS  environments  is  a straightforward  task.  The  EDS  equation 
of  motion,  after  slug  breakaway,  without  viscous  damping  is  as 
f ol lows : 


X = u|g  + X^(t)  sina | 


(A.l) 


where 


X = slug  displacement 
Xj^  = free  field  displacement 

U = coefficient  of  coulomb  (sliding)  friction 
u = angle  of  direct  induced  wave  front. 

When  the  EDS  tube  is  filled  with  a viscous  fluid  the  equation  of 
motion  takes  the  following  form. 

X = - ^ X + yjg  + Xj^(t)  sina|  (A. 2) 
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where: 


c = viscous  dampinq  coefficient 

m = mass  of  EDS  sluq. 

Since  these  equations  of  motion  are  solved  numerically  the  addi- 
tion of  the  viscous  dampinq  does  not  present  any  real  problem  to 
solution  methodoloqy. 

A. 3.2  Evaluation  of  Viscous  Dampinq  Coefficient.  For  any 
qiven  fluid  the  viscous  dampinq  coefficient  can  be  determined  by 
simple  vertical  free  fall  test  as  shown  in  Fiqure  A. 4.  For  this 
test  conf iquration  coulomb  friction  effects  are  essentially  eli- 
minated and  the  equation  of  motion  for  slug  response  becomes 

X = q - - X (A. 3) 

m 

(with  zero  initial  conditions) 

The  solution  for  displacement  and  velocity  is 

X(t)  = ^ t - 2^  [1  - *^1 

X(t)  = 2ni  [1  - (A. 4) 


The  velocity- time  history  is  shown  in  Fiqure  A. 5. 

Note  that  the  velocity  asymptotically  approches  the  constant 
value  equals  (g  m/c) . Thus  the  EDS  output  which  measures  velo- 
city can  be  directly  used  to  evaluate  the  viscous  damping  coeffi- 
cient, c,  since  m,  and  g are  known. 


140 


the 


Note  that  Kquations  (A. 3)  and  (A. 4)  can  be  used  to  find 
free  fall  distance  Xj-  and  time  t^^  at  which  the  velocity  X is 
within  0.1  percent  of  q m/c.  For  a value  of  c/m  equals  29.4,  the 
number  derived  by  Hartenbaum  and  Shunk  as  a design  requirement, 
the  resultant  values  of  X^  and  t^  are: 

X = 6.7  cm 

t j = 0.235  second 

Therefore,  the  slug  velocity  will  approach  the  desired  asymptote 
well  before  reaching  the  end  of  the  EDS  tube. 

A. 3. 3 Interpretation  of  Damped  EDS  Data.  The  output  of  the 
highly  damped  EDS  gage  to  NTS  or  drop  tost  environments  will  of 
course  have  to  be  subject  to  corrective  data  reduction  methods  to 
obtain  actual  free  field  motions.  The  technology  to  do  this  for 
linear  systems  is  based  upon  established  Fourier  transform  tech- 
niques which  are  commonly  used  for  unfolding  data. 

Neglecting  Coulomb  damping  effects,  the  transfer  function  of 
the  viscously  damped  EDS  slug  is  readily  derivable  as: 


H (w) 


Ui 

. . c 

0)  + 1 — 

m 


(A.  5) 


where 


lu  = frequency  (rad/sec) 

Given  an  EDS  output  from  an  actual  environment,  X{t)  with  Fourier 
transform  X(u)),  the  Fourier  transform  of  the  free  field  displace- 
ment is: 


143 


(A.  6) 


(oi) 


X(uj) 

H(w) 


with  I1{(jli)  defined  from  Equation  (A. 5).  The  time  history  of  free 
field  displacement  is  then  the  inverse  Fourier  transform  of  the 
result  obtained  from  Equation  (A. 6). 

The  real  problem  in  this  approach  does  not  lie  in  the  cor- 
rection for  viscous  damping,  but  instead  involves  correcting  for 
the  non-linear  coulomb  damping  resulting  from  sliding  friction. 

The  absolute  value  term  in  Equation  (A. 2)  leads  to  a non- 
linear effect  on  slug  response.  Since  the  Fourier  transform 
manipulation  of  data  strictly  applies  only  to  linear  systems,  the 
non-linear  terms  will  result  in  non-correctable  errors. 

The  secret  of  successful  implementation  of  the  EDS  lies  in 
minimization  of  the  coulomb  damping  effect.  If  sliding  friction 
is  very  small  the  resultant  measurement  error  will  also  be  small 
and  the  data  correction  technique  described  above  will  be  ade- 
quate . 
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FREE-FIELD  GROUND  MOTION  FOR  EDS  ANALYSIS 


In  order  to  facilitate  response  predictions  for  the  KSC  EDS, 
consistent  definitions  of  free-field  ground  motion  are  required. 
Reference  B.l  presents  direct  induced  maximum  acceleration,  X^, 
velocity,  X^,  and  displacement,  X^,  motions  for  a seven  kiloton 
shot  in  saturated  tuff  along  with  temporal  distributions  for  each 
type  motion.  However,  at  times  later  than  the  maximum  displace- 
ment time,  these  temporal  forms  are  not  adequate.  This  appendix 
presents  a consistent  definition  for  the  temporal  distributions 
of  direct  induced  free-field  motion  used  for  EDS  response  pre- 
dictions. 

The  radial  acceleration  has  the  assumed  form  shown  in  Figure 
B.l.  Up  to  time  of  maximum  displacement,  t^,  this  pulse  agrees 
reasonably  well  with  that  presented  in  Reference  B.l.  At  later 
times  the  acceleration  pulse  has  been  modified  to  agree  approxi- 
mately with  data  presented  in  Reference  n.2.  Referring  to  Figure 
B.l,  the  acceleration  pulse  is  analytically  described  as  follows. 


X,  = 2X  ^ ; 
1 m t 

q 


0 i t < t /2 

g 


h ■ (1  - i t <- 

g 


X = - px^  ; t < t < t„ 

1 m g V 


X,  = 


px. 


1 (tj  - t^)  ~ ’^d^’  ' ^ ^ ^d 


X^  = 0 ; t > t^ 
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Displacement  Velocity  Acceleration 


Fiqure  B.l.  Typical  freo-fiold  motion. 
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Also  shown  in  F’iqure  B.l  are  the  radial  velocity  and  dis- 
placement motions  consistent  with  the  assumed  acceleration  mo- 
tion. Again,  it  may  be  noted  that  these  waveforms  are  in  sub- 
stantial agreement  with  data  presented  in  Reference  B.2.  The 
velocity  may  be  analytically  expressed  as  follows: 


X t‘ 

X = 


1 t 


0 ::  t < t /2 

g 


t < t 


X t 


X = g - 6X^(t  - t ) ; t < t < t 

i z m q a 


V 


BX 

^1  (t^  - t^)  ^d^  '■  ^ - ^d 


Xi  = 0 ; t > t^ 


with  the  displacements  of  the  form: 


X,  = 


X t 
m 

~Tt” 


0 < 


.3  t t t " 


^2.  < t < t 
2 g 
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Xl  • ^ (1  + 2P)(t  - t^)  - I It’  - 


t < t < t,, 
q V 


X,  = X + 7V- 
1 m ( t 


Tt^  t = 

■-  L'  ' ' 


V /Iv  , 

2 3d 


)]^ 


h ■ t t- 

W - d 


X^  = X^  ; t :: 


where : 


maximum  displacement  = X^  at  t = 


X t ^ 

X = -H  _3_ 

^m  2 2 


2 

J-  t tgd  + 2P)  (t^  - tg)  - B(t^^  - tg^) 


residual  displacement  = Xp  at  t = 


H - -r  <>^d  - S'’ 
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Similarly  the  maximum  positive  velocity  = X at  t = t 

m g 


X t 

i 

m 2 


- ty  + t , 

and  the  maximum  negative  velocity  = X at  t = — — 


m 


PX 

Y - 

“ A \ *-  _3  ~ ^ i 

m 4 d V 


(t,  - t..) 


Given  values  for  X^,  X^,  and  X^  (Reference  B.l),  a number  of 
the  early  time  parameters  describing  the  waveforms  are  uniquely 
defined. 


By  substitution  of  above  it  is  seen  that 


e 


It  should  be  noted  that  values  obtained  using  these  relationships 
compare  very  well  with  corresponding  early-time  data  presented  in 
Reference  B. 1 . 

Since  residual  displacement,  Xj^,  data  is  not  given  it  is  not 
possible  to  uniquely  define  the  final  constant  time  t^.  However, 
based  upon  bounding  values  for  X„,  a parametric  representation  of 
t^  and  may  be  obtained.  The  ratio  of  residual  to  maximum  dis- 
placement is  found  to  be: 


For  the  waveforms  shown  the  ratio  of  residual  to  maximum  dis- 
placement falls  within  the  bounds: 


1 


noting  that  when 
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= X 

R m 


and  when 


S = 0 


t , = (t  ,) 
d d max 


where: 


/ X M 

1/2 

1 t 

3 1 - 1 

X X J 

\ mm# 

In  the  extreme  case 


(t ,) 

d max 

‘'V 


= 1 + /3  = 2.732 


X 


R 


(^) 


for  various  values  of 


A parametric  plot  ^ as  a function  of 

Xm^ 

is  presented  in  Figure  B.2.  Given  the  free-ficld  parameters 

X X 
m m 

X , X , X , and  either  X„  or  t,  the  remaining  unknown  mav  be 
m m m R d •' 

determined . 
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APPENDIX  C 


NUMERICAL  ANALYSIS  OF  DROP  TEST  RESULTS 

C.l  CONFIGURATION  OF  EDS  DROP  TEST 

Definitions  for  the  parameters  used  in  this  analysis  are 
shown  in  Figure  C.l  and  are  given  as  follows: 

Y = transverse  acceleration  of  canister  (measured) 
c 

X = axial  acceleration  of  canister  (measured) 
c 

X = EDS  slug  displacement 
m = mass  of  EDS  slug 
a = test  angle 
R = clip  restraining  force 
f = coulomb  friction  force 

C.2  CANISTER  MOTIONS 

Given  X^(t)  and  Y^(t)  from  accelerometer  records,  numericaly 
integrate  to  obtain  X^(t),  Y^(t)  and  X^(f),  Y^(f)  over  time  range 
of  interest;  starting  at  time  of  impact  (t  equals  zero).  Note 
that  initial  conditions  are  as  follows: 


X^(o)  = 0, 

Yc(o) 

= 0 

X^(o)  = X^  cosu, 

c 

o 

= X^  s i nu 

where : 


'V 


table  impact  velocity 
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1 


I ■ 


store : 


X (t)  and  X (t)  for  later  use, 
c c 

C.3  EDS  EQUATIONS  OF  MOTION 

C.3.1  Slug  Free- Body.  A free  body  drawing  of  the  EDS  slug 
is  shown  in  Figure  C.2.  Definitions  for  the  parameters  identi- 
fied in  the  figure  follow: 

R = mgc 

! where 

\ 

' C = constant 

f = uN 

(1  = coefficient  of  friction 
N = |mg  sina  + Y^(t)ml 

f = um I g sina  + Y^(t)  | 

C.3. 2 Equations  of  Motion. 

mX  = mg  cosa  - R - F 

mX  = mg  cosa  - mg^  - umjg  sina  + Y^(t) | 


V 


Equation  C.l  is  used  to  determine  when  the  slug  breaks  away 
from  the  canister,  i.e.. 


X > X 

c 


C.3.3  Slug  Breakaway.  Breakaway  occurs  when: 


X 


c 


> 


X 


or 


X^(t)  ^ ij|g  sinot  + Y^(t)  | - g (cosu  - 


Let 


t = t|^  = breakaway  time 


then 


^c^*^b^  = P|q  sina  + - g (cosa  - c,)  {C.2) 

Given  X^(t)  and  Y^{t),  with  p,  and  a constant,  the  breakaway 
time  t|^  can  be  determined  using  Equation  C.2. 

At  t equals  tj^  look  up  Y^(t|^),  and  Y^(tj^)  from  Section  C.2 
calculations  and  save. 


C.  4 


SLUG  RESPONSE 


Starting  at  breakaway  time  tj^  with  initial  conditions 
and  numerically  solve  the  following  equation  of  motion  for 

the  slug: 

i . e . , 


t > 


t 


b 


X(t)  = g cosa  - ujg  sina  + Y^(t) | 


(C.  3) 


for 


X ( t) , and  X ( t)  . 

At  each  time  step  compare  X(t)  to  X^(t). 

As  long  as  X(t)  is  greater  than  X^(t),  Equation  C.3  holds  as 
given.  However,  at  late  times  the  canister  velocity  may  equal 
and  become  greater  than  the  slug  velocity.  When  this  occurs, 
continue  on  the  numerical  integration  with  the  following  revised 
equation  of  motion: 

X(t)  = g cosa  + p | g sinu  + Y^(t)  | 

with  initial  conditions  on  X(t),  X(t),  Y^(t),  Y^(t)  determined  at 
the  time  the  inequality  takes  place. 

Again,  compare  X(t)  to  X^(t)  at  each  time  step. 


If  at  some  later  time  X(t)  exceeds  X^(t)  the  equation  of 
motion  reverts  to  the  form  given  in  Equation  C.3  with  correct 
initial  conditions  at  this  time. 

Continue  calculations  using  this  procedure  until  slug  re- 
sponse is  completely  determined. 

C.5  DATA  PRESENTATION 

Print  and  punch  cards  for  the  following  parameters: 

X^(t),  canister  displacement 

X{t),  slug  displacement 

X(t)  - X^(t),  EDS  displacement  output 

X^(t),  canister  velocity 

X(t),  slug  velocity 

X(t)  - X^(t),  EDS  velocity  output 

X(t)/X^(t),  gage  error. 

These  data  will  be  used  for  possible  further  analysis  and 
final  reporting. 
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ATTN:  Technical  Library 

Dlrei  tor 

Strategic  Systems  Prtjje*  t Office 
Navy  Department 

ATTN:  NSP-273 

ATTN:  NSP-43.  Tech.  Lib. 

ATTN:  NSP-272 

DEPARTMENT  OF^  THJE  AIR  FORCE 

Commander 

ADCOM/XPD 

ATTN : XP 

ATTN : XPQDQ 

AF  Oeophyslcs  Laboratory,  AFSC 

ATTN:  LWW,  Ker  C.  Thompson 

ATTN:  SrOL,  Rsch.  Lib. 

AF  Institute  of  Technology,  AU 

ATTN:  Library  AFIT  Bldg.  f>40.  Area  B 

AF  Weapons  l.aboratory,  AFSC 

ATTN:  DKS-C,  Robert  Henny 
ATTN:  DEP,  Jimmie  L.  Bratton 
ATTN:  DES-S,  M.  A.  Plamondon 
ATTN:  DEI) 

ATTN:  DES-C,  Mr.  Melzer 
ATTN:  Sl’L 

He.idquarters 

Air  Force  Systems  Command 

ATTN:  Technical  Library 
ATTN:  DI.CAU 
ATTN:  k.  Cross 

Commtnuler 

ASD 

ATTN:  Technical  Library 

Assistant  Secretary  of  the  Air  Force 
Research  4 Development 
Headquarters,  US  Air  Force 

ATTN:  Col  R.  E.  Stecre 

IH'puty  Chief  of  Staff 
Research  4 Development 
Headquarters,  US  Air  Force 

ATTN:  Col  J.  L.  Cilbert 
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(ixnander 

Fore  tun  Technology 

Division.  AFSC 

Sand  la  I.ahorator  it>s 

ATTN 

NICD. 

Library 

l.Ivernmre  I,ab(*ratory 

ATTN 

FTDP 

ATTN: 

Doc . Con . 

for 

Tech.  Library 

ATTN 

PDBO 

AHTi 

PDRF, 

Mr.  Spring 

Sand  la  U'lborator  lea 

ATTN; 

Doc  . f!<»n . 

for 

W.  Robert y 

Hq.  USAF/IN 

ATTN: 

Doc . Con . 

for 

114] , Sand  la  Rp 

ATTN 

IN 

ATTN: 

Dot . Con . 

for 

A.  .1.  Chah.in 

ATTN : 

L.  HIM 

Hq.  I'SAF/PR 

ATTN: 

Doc . Con . 

for 

M.  L.  Merritt 

ATTN 

PRF. 

ATTN: 

Doc . Con . 

f«>r 

laike  .1.  Vortman 

Hq,  rSAK/RI) 

rS  Energy  Rsth.  & Dev. 

Admin. 

ATTN 

RDPS. 

Lr  Col  A.  Chlota 

Albuquerqtie 

Operat ions 

Of  f Ire 

ATTN 

RIM^SH 

ATTN: 

D<u  . Con . 

for 

Tech.  Library 

ATTN 

Rin}fm 

Col  S.  C.  (Jreen 

ATTN 

RDPM 

US  Energy  Rsrh.  h Dev. 

Admin. 

ATTN 

RIK^PN 

M.»J  F.  Vajda 

Division  of 

Headquarters  Services 

Llhr.iry  Branch  C-04  3 


( i)aMuinder 

ATTN:  Dor.  Con.  for  C1.tsk  Tech 

K«>«e  Air  Deve 

lopflieni  ('enter,  AFSC 

ATTN: 

FMRF.r,  R.  W,  Hair 

US  Eiurgy  Rsch.  A Dev.  Admin. 

ATTN: 

FMTl.D,  Doc.  Library 

Nevada  Oper.it  Ions  Office 

ATTN:  Doc.  Con.  for  Tech.  Lib. 

SAMS()/Dt 

ATTN: 

DKh 

Union  Carbide  Corporat  lt>n 

HoM  field  N.it  ional  Labor.iiory 

samso/dy 

ATTN:  Civil  Def.  Res.  Proj . 

ATTN; 

DYS 

ATTN:  DtM-.  Con.  for  Tech.  Lib. 

SAMSO/MN 

OTHER  (K>VERNMEN1  ACENCIKS 

ATTN: 

MNNH 

ATTN: 

MMH 

Centr.ll  Intelligent*'  Agencv 

ATTN:  RD/SI  Rn.  St.AH.  Hq.  Bldg 

SAMSO.  RS 

V;4H  Hqs. 

ATTN; 

RSS/Col  lK>nald  Dowler 

Department  of  the  Interior 

sAl»StJ.  XR 

Bureau  of  Mines 

ATTN: 

XRTB 

ATTN:  Teih.  Lib. 

CowMndrr  in 

( hlef 

Dep.irtment  of  the  Interior 

Strategli  Air 

' Cosnand 

US  (.eologlcal  Survey 

ATTN: 

NRI-STINFO,  Library 

ATTN:  Cecil  H.  R.ileigh 

ATTN: 

XPFS 

ATTN:  J.  H.  Healy 

KNFRt.Y  RESEARCH  A DEVELOPMENT  ADMINISTRATION 

NASA 

Ame.s  Research  Center 

Division  of  Military  Application 

ATTN:  Robert  W.  Jackson 

US  Fnrrgy  Rb« 

h.  A Dev.  Admin. 

ATTN: 

Dt*r . (>jn.  for  Test  Office 

Office  of  Nuclear  Reat tor  Regulation 

Ntic  1 ear  Regu  I a t or  v ('onm  i ss  ion 

University  of 

Cal Ifornia 

ATTN;  Robert  Heln*'man 

I.awren<r  Llver»ore  Laboratory 

ATTN:  I..awrence  Shao 

ATTN: 

Larry  U.  Woodruff,  L*96 

ATTN: 

J.  R.  Hearst,  L'20S 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 

ATTN: 

M.  Fernandez 

AHU: 

Ted  Btitkovich,  L-200 

Aerospace  Corporation 

ATTN: 

Jerry  (atudreau 

2 cy  ATTN;  Tech.  Info.  Services 

ATTN: 

D.  M.  Norris.  L-90 

ATTN:  Prem  N.  Mathur 

ATTN: 

Richard  C.  Dong.  L-90 

ATTN;  Urry  Selzer 

ATTN; 

Rt>bert  Sc  hock,  L-4  37 

ATTN: 

Te<  h.  Info.  Dept.  L-1 

Agbabian  Associates 

ATTN: 

Jack  Kahn,  L**? 

ATTN:  M.  Agbabian 

ATTN:  Carl  Bagge 

Los  AlasMs  Scientific  Laboratory 

ATTN: 

Doc.  Con.  for  Reports  Lib. 

Analytic  Services,  Inc. 

ATTN: 

Doc.  Con.  for  C.  R.  Spillman 

ATTN:  George  Hesselbscher 

ATTN: 

Dot.  Con.  for  Al  Davis 
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Appl  ied  The‘'ry.  Im  . 

2 cy  ATTN:  John  (J.  Trnllo 

Artec  ARHOclate^t  Inr. 

ATTN:  Steven  Cl  1 1 

Avco  Research  & Systens  Group 
ATTN:  William  BrudlnK 
ATTN:  Research  Mb..  AHiO,  Rm.  7201 

Bsttelle  Memorial  Institute 

ATTN:  Technical  Library 
ATTN:  R.  W.  Kllngesmlth 

The  RDM  Corporat lor 

ATTN:  A.  l>t)va({nlno 
ATTN:  Technical  Mbrary 

The  BDM  Ci>rporation 

ATTN:  Richard  Hensley 

Bell  Telephone  Laboratories 
ATTN:  J.  P.  White 

The  B4>elnK  Company 

ATTN:  R.  H.  Carlson 
ATTN:  Aerospace  Library 
ATTN:  Rohery  Oyrdahl 

Brovn  Kn^lneering  Company,  Inc. 

ATTN:  Manu  Patel 

California  institute  oi  Technology 
ATTN:  Th»>iiui8  J.  Ahrens 

California  Research  & Technology,  Inc. 

ATTN:  Sheldon  Sliuster 
ATTN:  Ken  Kreyenhagen 
ATTN:  Technical  Library 

Calapan  Corporal  ion 

ATTN:  Technical  Library 

Center  for  Planning  ^ Rath.,  Im . 

ATTN:  8.  W.  Shnlder 

Clvll/Nu<  lear  Systems  Corp. 

ATTN:  Robert  Crawford 

University  ol  Uayton 
Industrial  Security  Super  KL-S05 
ATTN:  Halim  k P.  Swift 

University  of  [>enver 
Colorado  Seminary 
Denver  Research  Inst Itute 

ATTN:  Sec.  Officer  for  J.  Wlsotskl 

F.CM..  Inc. 

Albu<{uerque  Division 

ATTN;  Te<hnlcal  Library 

Electric  P<iwer  Research  Institute 
ATTN:  George  Siller 

Rle<  t romer  hanlt  a I Sys.  of  New  Hexlcu,  Inc. 
ATTN:  R.  A.  Shunk 
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Engineering  Decision  Analysis  Company,  Inc. 
ATTN:  Robert  Kennedy 

The  Franklin  Institute 

ATTN:  tenons  Zudans 

C.ard , I ncorporaled 

ATTN:  G.  L.  Neldhardt 

General  Dynamics  Corp. 

Ptnaona  Division 

ATTN:  Keith  Anderson 

C.eneral  Dynamics  Corp. 

Fleet  rlc  B<Mt  Division 

ATTN:  Michael  Pakstys 

General  Electric  Company 

Space  Division 

Valley  Forge  Space  ('enter 

ATTN:  .M.  H.  Borlner,  Space  Scl.  Ub. 

General  F. lectric  ('ompany 

Re-Entry  & Environmental  Systems  Dlv, 

ATTN:  Arthtjr  L.  Ross 

General  Electric  Company 
TEM1*0-Cent er  for  Advanced  Studies 
ATTN:  DASIAC 

(General  Research  Corporation 

ATTN:  Benjamin  Alexander 

Geocenters  Incorporated 

ATTN:  Edward  Marram 

H-Tech.  Laborator lea,  Inc. 

ATTN:  B.  Hartenbatjm 

Honeywell  Incorporated 
Defense  Systems  Division 
ATTN:  T.  N.  Helvlg 

1!T  Research  Institute 

ATTN:  R.  E.  Welch 
ATTN:  Technical  Mbrary 

University  ol  Illinuls  at  Chicago 
College  of  F.nglneerlng 
Dept,  of  Materials  F.nglneerlng 
ATTN:  Ted  Belytschki* 

Institute  for  Defense  Analyses 

ATTN:  IDA  Librarian,  Ruth  S.  Smith 

J.  H.  Wiggins,  Company,  Inc. 

ATTN:  Jon  Col  I ins 

Kaman  AvlDyne 

Division  of  Kaman  Sciences  D>rp. 

ATTN:  Norman  P.  Hiibhs 
ATTN:  E.  S.  Criaclone 

ATTN:  Technical  Library 

Kaman  Sciences  Corporation 


ATTN: 

Paul  A.  Kills 

ATTN: 

Prank  H.  Shelton 

ATTN: 

Library 

ATTN: 

Herb  Hollister 

ATTN: 

E.ldlne  L.  Cole 

ATTN: 

Michael  A.  la*w 
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KaraRoriAn  A Cast' 

ATTN:  ,l<0>n  KaraRoxian 

Lockheed  Ml8!,lloR  A Spar<>  Companv,  Inc. 

ATTN:  Tt'<hnlr.il  Library 

U'ckhft'd  MlnullfH  A Space*  Ctimpnny,  Inc. 

ATTN:  T«»m  CVera,  r)/52-3),  BldR.  205 

I/'Vtlar»*  Foundation  tor  M»>dic«l  Education  A Rarh. 
ATTN:  Technle'al  Library 

ATTN:  Aam . Dir.  of  R«*8.,  Robert  K.  Jones 


RAD  Assoc i at  es 

ATTN:  P.aul  Rausch 

ATTN:  Arlon  Fields 

ATTN;  Robert  Port 

ATTN:  Technical  Library 

ATTN:  J.  C.  I.ewls 

ATTN:  Jerry  Carpenter 

ATTN:  Henry  Cooper 

ATTN:  Will  l.iin  B.  WrlRht,  Jr. 

ATTN:  Cyrus  P.  Knowles 

ATTN:  Albert  1..  I.atter 

ATTN:  Harold  L.  Brode 


Miirtln  M-irietta  Aerospace 
Orlando  Division 

ATTN:  (;.  Fotleo 

MtDonnell  DourI.is  Corporation 
ATTN;  Robe*rt  W.  Malprln 

MiMllll.in  Science  Associates,  Inc. 
ATTN;  Robert  Oliver 

Merritt  (!asc8,  Incorporated 
ATTN:  J.  L.  Merrill 
ATTN:  Technical  Library 

MeleoroloRy  Research,  Inc. 

ATTN:  Wllli.im  D.  Green 


Science  Applications,  Inc. 

ATTN:  Technical  Library 

Science  Applications,  Inc. 

ATTN:  .James  Cramer 

Science  Appl liat Ions,  Inc. 

ATTN:  Steve  Oston 

Science  Applications,  Incorporated 
ATTN:  Hurt  Cb.-imbcrB 

ATTN:  William  M.  l..iy8on 

Southwest  Research  Institute 
ATTN:  A.  B.  Wenzel 

ATTN:  Wilfred  F.  Baker 


The  Nitre  Corporation 
ATTN:  l.lbrarv 


Stanford  Rese.irch  Institute 

ATTN:  (ieoTRe  R.  Abraham8«>n 


Cnlverslty  of  New  Mexico 
Dept,  o!  Campus  Security  t*  Police* 
ATTN:  C.  E.  Tr landaf al id  1 s 

Nathan  M.  Newmark 
Consul t lOR  Engineer  t or  Services 
B106A  Civil  EnglneerlnR  bulIdinR 
University  of  Illinois 

ATTN;  NatJian  M.  Newmark 

Pacifica  Technology 
ATTN:  Kent 


Systems,  Science  & Softw.ire,  Inc, 


ATTN 

ATTN 

ATTN 

ATTN 

ATTN 


Tei  hn lc.1 1 Library 
Donald  R.  fJrIne 
■^Ji.>nuis  D.  Rlney 
Ted  (berry 
Ri'bert  Sedgewick 


Terra  Tek,  Inr. 

ATTN:  Technical  Library 
ATTN;  A.  H.  Jones 
ATTN:  Sidney  Green 


ATTN 

R. 

Hlork 

Tetra  Tech. 

Inc . 

ATTN: 

LI  “San  Hwang 

s Iniernat lonal 

(^)npany 

ATTN; 

Technical  Library 

ATTN 

Dor 

. (^n . 

for 

E.  T.  Moore 

ATTN 

Doc 

. Con. 

for 

Charles  (Godfrey 

Texas  A & M 

rnlversliy  System 

ATTN 

Doc 

. Con 

for 

Dennis  Orphal 

Texas  A & M 

Research  Fouiulal  Ion 

ATTN 

Doc- 

. Con . 

f or 

Fred  M.  Sauer 

ATTN: 

Harry  Coyle 

ATTN 

Doc 

. Con. 

for 

Larry  A.  Behrmann 

ATTN 

Doc 

. Con . 

for 

Coye  Vincent 

TRW  Defense 

& Space  Sys.  Group 

ATTN 

Doc 

. Con . 

for 

Robert  Swift 

ATTN: 

Norm  Llpnor 

ATTN 

Doc 

. Con. 

for 

Tech.  Lib. 

ATTN; 

Tech.  Info.  (‘enter/S-l  930 

2 py  ATTN: 

Peter  K.  Dal,  Rl/2170 

ype  Development 

An  HOC 

iales,  Inc. 

ATTN : 

Pravin  Bhutta,  Rl-1104 

ATTN;  T. 

K.  McKinley 

ATTN: 

Donald  Jortner,  Rl-2144 

The  Rand  Corporation 

ATTN:  Armas  l.aupa 
ATTN:  C.  C.  Mow 
ATTN:  Technical  Library 


TRW  Defense  A Space  Sys.  Group 
San  Bernardino  Operations 

ATTN:  K.  Y.  Wong.  527/712 
ATTN;  G.  D.  Hulcher 


Science  Applications,  Inc. 

ATTN:  David  Bernateln 
ATTN:  D.  E.  Maxwell 


Universal  Analytics,  Inf- 
ATTN:  F..  I.  Field 
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ms  Research  Company 

ATTN:  Ruth  Schneider 
ATTN:  Technical  Library 

The  Eric  H.  Wang  Civil  EnKineerin^ 
I'niversily  Station 

ATTN:  Ijirry  Bickle 

ATTN:  Neal  Baum 

Washington  State  University 
Administrative  OtKanizatlon 

ATTN;  Arthur  Miles  Hohorf  ft 


WeidllnRor  Assoi . Consult inR  Engineers 
ATTN;  Melvin  I..  Baron 
ATTN:  -I,  H.  MrCormltk 

Ksch.  Fac . W(*idl  Ingcr  Assoc.  Consulting  Engineers 

ATTN:  J.  Isenberg 

West  inghouse  Electric  ('orp. 

Marine  Division 

ATTN:  W,  A.  VoU 

>r  Oeorge  'Rival 


